Dye-sensitized solar cells (DSSCs) are regarded as prospective solar cells for the next generation of photovoltaic technologies and have become research hotspots in the PV field. The counter electrode, as a crucial component of DSSCs, collects electrons from the external circuit and catalyzes the redox reduction in the electrolyte, which has a significant influence on the photovoltaic performance, long-term stability and cost of the devices. Solar cells, dye-sensitized solar cells, as well as the structure, principle, preparation and characterization of counter electrodes are mentioned in the introduction section. The next six sections discuss the counter electrodes based on transparency and flexibility, metals and alloys, carbon materials, conductive polymers, transition metal compounds, and hybrids, respectively. The special features and performance, advantages and disadvantages, preparation, characterization, mechanisms, important events and development histories of various counter electrodes are presented. In the eighth section, the development of counter electrodes is summarized with an outlook. This article panoramically reviews the counter electrodes in DSSCs, which is of great significance for enhancing the development levels of DSSCs and other photoelectrochemical devices.
Introduction

Solar cells
Sustainable development is a major challenge for the planet (Fig. 1 ). On 25 September 2015, the 193 countries of the UN General Assembly unanimously adopted the 2030 Development Agenda entitled: Transforming our world: the 2030 Agenda for Sustainable Development. 1 The agenda contains 17 sustainable development goals with 169 associated targets which have to be implemented and achieved in every country from year 2016 to 2030. 1 Energy is crucial for achieving almost all of the sustainable development goals, from its role in the eradication of poverty through advancements in health, education, water supply and industrialization, to combating climate change. Goal 7 is about energy resources, which is to ensure access to affordable, reliable, sustainable and modern energy for all. 1 Energy is the single most important challenge that humanity is confronted with today. As Nobel Laureate Richard E. Smalley outlined in 2003, energy will be the top problem for humanity for the next 50 years. 4 United Nations' Secretary-General Ban Ki-moon remarked that renewable energy has the ability to lift the poorest nations to new levels of prosperity. 5 If energy is the lifeblood of the world economy, Ban argued that renewable energy represents an infusion of humanity. 5 The global concern over this energy problem can mainly be attributed to accelerating economic, exhaustible and ecological factors. Economic growth at a high speed requires more energy support; exhaustible fossil fuels widely used now demand renewable energy sources; ecological deterioration caused by fossil fuel combustion and greenhouse effect means that people have to use environmentally friendly energy sources. [6] [7] [8] [9] [10] The research and development of renewable energy resources have received great attention worldwide. According to the REN21's 2016 report, renewables contributed 19.2% to global energy consumption in 2014 and 23.7% to global electricity production in 2015. 11 Global investments in renewable technologies amounted to more than US$286 billion in 2015, with countries like China and the United States heavily investing in wind, hydro, solar and biofuels. 11 Globally, there are an estimated 7.7 million jobs associated with renewable energy industries, with solar photovoltaics being the largest renewable employer. 12 The Sun is a champion among all energy sources, and the Earth receives 174 petawatts (PW) of incoming solar radiation 
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Jianming Lin is Professor in Materials and the Dean of materials department at Huaqiao University. He at the upper atmosphere in a year. 13 The total solar energy absorbed by the Earth's surface is approximately 3850 zettajoules (ZJ) per year, 14 which is more energy in one hour than what the world used in one year. 15, 16 The amount of solar energy reaching the surface of the planet is so vast that in one year it is about twice as much as what will ever be obtained from all of the Earth's non-renewable resources of coal, oil, natural gas, and mined uranium combined. 17 A solar cell, or photovoltaic cell (PV), is a device that converts sunlight directly into electricity by taking advantage of the photoelectric effect. Among all the renewable energy technologies, photovoltaic technology is considered as the most promising one. [18] [19] [20] [21] Solar PV has been turned into a multi-billion, fast-growing industry, and the most potential of any renewable technologies. 22 The abundant, clean, safe, and affordable photovoltaic technology has been considered to be the most promising one among all the novel energy technologies. 19, 20 The photovoltaic effect was experimentally demonstrated first by French physicist Edmond Becquerel. In 1839, at the age of 19, he created the world's first photovoltaic cell in his father's laboratory. In this experiment, silver chloride was placed in an acidic solution and illuminated while connected to a platinum electrode, generating voltage and current. 23, 24 Consequently, the photovoltaic effect is termed ''Becquerel effect''. In 1883, American inventor Charles Fritts created the first working photovoltaic cell by coating the semiconductor selenium with a thin layer of gold to form the junctions, and the device showed an efficiency of only 1%. 25 In his miraculous year of 1905, Albert Einstein proposed the quantum theory of light and explained the photoelectric effect, 26 for which he received the Nobel Prize in Physics in 1921. The first practical silicon solar cell with an efficiency of 6% by a team of scientists was publicly demonstrated on 25 April 1954 at Bell Lab. 27 The silicon solar cells were used in the US satellite Vanguard I in 1958. This milestone greatly promoted the research and development of solar cells. 28 The scientific research and industrial development of PV technology must focus on high-efficiency, low-cost, and stability, which are called the ''Golden Triangle Issues''. With increasing public awareness of sustainable development, the fourth issue of environmental-harmony should be emphasized as well. 29 In order to meet these challenges, three generations of solar cells have been evolved up to now. The first generation cells, also called conventional, traditional or wafer-based cells, are made of polycrystalline silicon or monocrystalline silicon. Si solar cells dominate the PV market and produce efficiencies between 12% and 16%, according to the manufacturing procedures and wafer quality. However, the sophisticated production steps and high environmental costs have led to the use of polycrystalline Si, instead of monocrystalline Si, which further promoted the search for environmentally friendly and low cost alternatives. Second generation solar cells are often called thinfilm technologies, including cadmium telluride (CdTe), copper indium gallium selenide (CIGS), and other cells. The thin-film solar cells sandwich active materials between two glass sheets and provide potential for cost reduction in the manufacturing process due to material saving, low temperature processes, and high automation in series production, particularly in flexible cells. However, difficult module technology and limited stability have led to a small market share (o12%) of the thin film cells. After approximately 30 years, the third generation solar cells appeared. The third generation solar cells are often described as emerging PV, most of which are still in the research or development phase. This new generation of PV technologies includes dye-sensitized solar cells, perovskite solar cells, organic/polymer solar cells, quantum dot solar cells, etc. Though of lower efficiency than Si-based solar cells and the thin film cells, the third generation cells claim low processing costs and minor environmental impact which elicit intensive research and development. [29] [30] [31] [32] [33] [34] [35] [36] [37] The current classification for generations of solar cells is a bit puzzling and illogical, especially that of the secondgeneration thin film technologies and the third-generation emerging PV. This is due to the fact that the current classifications are based on different coordinate systems. First generation cells, Si crystalline cells, are classified on the basis of active materials; the second generation cells, thin film technologies, are of manufacturing technology; the third generation cells, emerging PV, are of time emergence and technology maturity. In our opinion, the generations of solar cells should be based on the active materials used and the order of the invention. In this way, the first generation cells should be element (silicon) solar cells, started from 1954, when Chapin et al. first showed a silicon crystalline cell with an efficiency of 6% in Bell Lab. 27 The first generations shall include monocrystalline, multicrystalline, microcrystalline, nanocrystalline, and amorphous Si cells. The second generation cells should be compound solar cells, since Cusano first invented a CdTe solar cell with an efficiency of 6% at RCA Lab in 1963. 38 The second generations shall contain CdTe, CIGS, GaAs, and CZTSSe cells, in which the active materials are II-VI or III-V compounds. The third generation cells should be hybrid (composite) solar cells, beginning with the dye-sensitized solar cell prototype with an efficiency of 7.1% that Gratzel and O'Regan first proposed in 1991. 39 The third generations are comprised of dye-sensitized cells, perovskite cells, organic cells, and quantum dot cells, and their corresponding typical active materials are dye/TiO 2 /electrolyte, TiO 2 /perovskite/spiro-OMeTAD, PCBM/ MDMO-PPV, and ZnO/PbSQD, respectively. 37 In addition, there is another category of solar cells, under which are tandem cells, multi-junction cells, and concentrator cells. Because the active materials for these cells have no significant difference, they cannot be distinguished by any of the generations.
Today, solar cells are used in all sorts of devices, from handheld calculators to rooftop solar panels. Global installed PV capacity reached at least 177 gigawatts in 2014, enough to supply one percent of the world's total electricity consumption. PV silicon cell prices have fallen from $76.67 per watt in 1977 to $0.36 per watt in 2014. Similar to Moore's Law in IT industry, in PV industry there is Swanson's law, which is an observation that solar cell prices fall 20% for every doubling of cumulative shipped volume (Fig. 2a ). The Law is named after Richard Swanson, the founder of SunPower Corporation. 40 A study by Farmer et al. shows that price/kWh has dropped by 10% per year since 1980, and predicts that solar could contribute 20% of total electricity consumption by 2030, 41 whereas the International Energy Agency predicts 16% by 2050.
Solar PV is growing the fastest in Asia, with China and Japan currently accounting for half of worldwide deployment. 42 Within the last few decades, the solar PV featured an annual growth rate of more than 20%, 29, 37, [43] [44] [45] and the growth rate even reached 28% in 2015. 11 However, the present solar PVs contribute only 1.2% (2015) to the total world energy consumption, 11 leaving a large room for industrial development and scientific research. Fig. 3 shows the development history of the best research-cell efficiencies from 1976 up to now.
Dye-sensitized solar cells
Early in 1839, Becquerel's pioneering photoelectric experiments were done with liquid not solid-state devices. In his experiment, illumination of solutions containing silver halide produced a current between two platinum electrodes immersed in electrolytes. 23 This effect is now recognized as being due to the semiconductor nature of silver halide grains with an energy band gap of 2.7-3.2 eV, and is therefore insensitive to the visible light. 47 In general, the photoelectric conversion relies on the energy band gap of the semiconductor. Unfortunately, the semiconductors with narrow band gaps to absorb visible light are susceptible to photocorrosion. Also, the semiconductors, stable under illumination, such as TiO 2 and Nb 2 O 5 , exhibit a too wide bandgap to collect effectively visible light. The dilemma was resolved by surface modification of the semiconductors by visible-light sensitive dye molecules. [47] [48] [49] Sensitization of widebandgap semiconductors using dyes has a long (century-old) history, dating back to the early days of photography. [50] [51] [52] [53] [54] [55] [56] Its recent development was promoted by the application in solar energy conversion, especially bipyridyl Ru complexes with anchoring groups to attach them to the oxide semiconductor surface.
At the beginning, the smooth semiconductors were used as electrodes in dye-sensitized photoelectrochemical cells to absorb dye. Only the first monolayer of adsorbed dye results in efficient electron injection into the semiconductor, and the light harvesting efficiency of the flat electrode was very small and the efficiency of the solar cell was extremely low below 1%. 57 Attempts to harvest more light by using multilayers of dyes were in general unsuccessful. The mesoporous semiconductor electrode, typically 10 mm thick with a porosity of 50%, has a surface area over a thousand times that of a flat electrode of the same size. It can provide enough area for dye chemisorption in the monomolecular layer and harvest all the incident light. [58] [59] [60] The Gratzel group replaced the planar semiconductor electrode with a mesoporous film of TiO 2 nanocrystalline particles, and the energy conversion efficiency of the solar cell increased by an order of magnitude. [61] [62] [63] Consequently, O'Regan and Gratzel published the landmark paper in Nature ''A low-cost, high-efficiency solar cell based on dye-sensitized colloidal TiO 2 films'' (later was known as dye-sensitized solar cell, DSSC, or Gratzel cell), boasting an efficiency of 7.1-7.9%. 39 The development of dye-sensitized solar cells (DSSCs) in the 1990s opened up a new horizon and rapidly propelled photovoltaics technology into the era of the third generation solar cells. DSSCs have attracted wide attention and have been believed as one of the most promising solar cells in the third generation PV technology. This field is growing fast; it can be seen from Fig. 4 that the publications on ''solar cells'' increased from 1195 papers in 2000 to 16 909 papers in 2015 (increased 14 times), among them, the number of publications on ''dye-sensitized solar cells'' increased from 60 in 2000 to 2060 in 2015 (increased 34 times), while the number of articles on counter electrodes increased from 4 in 2000 to 447 in 2015. Although still of lower efficiency than silicon cells, the DSSCs offer several advantages over their competitors, such as easy preparation, low productive and environmental cost, as well as short energy payback time (o1 year), enhanced performance under real outdoor conditions, bifacial cells capture light from all angles, outperform Si competitors for indoor applications, and lower standards for material purity, meaning that processing under vacuum and high temperatures is not required. All these advantages accelerate the research and development of DSSCs. 10, 39, 47, 52, [63] [64] [65] [66] [67] [68] The working principle of DSSCs differs substantially from that of the first generation and second generation solar cells and is closely related to natural photosynthesis where light absorption and charge carrier transportation are carried out by different substances. Concretely, the constituent components and fundamental processes of DSSCs are schematically illustrated in Fig. 5 .
The fundamental processes include: 10, 39, 47, 52, 68, 69 (1) sensitizer photoexcitation to produce excited dye;
(2) electron injection into the conduction band of metal oxide resulting in the production of oxidized dye; (3) electron transportation to the anode and flow to the counter electrode via an external circuit;
(4) oxidized dye regeneration by accepting electrons from the reduced redox couple;
(5) oxidized redox couple regeneration at the cathode by accepting electrons from the anode;
(6) electron recombination by donating electrons to oxidized dye; (7) electron recombination by donating electrons to the oxidized redox couple; (8) relaxation of the excited dye to its ground state by a nonradiative decay process.
For ''Gratzel cells'', processes (1)-(5) are required reactions for completing the light-to-electric conversion. 10, 49, 67, 68 Processes (6) and (7) are dark reactions which result in charge carrier recombination and this is disadvantageous for enhancing the efficiency of DSSCs. However, these dark reactions do not have a significant negative effect owing to their slower reaction speed compared with that of the required processes. 43, 63, 65, 67, 70 The typical time constants for the required reactions (green) and the dark reactions (red) are shown in Fig. 6 . 68, 71 Besides the aforementioned, the orientated migrations of electrons, ions and molecules in the TiO 2 mesoporous layer and the electrolyte layer also affect the performance of DSSCs.
Research for optimizing the photovoltaic performance of dye-sensitized solar cells focuses on modulating the physicochemical properties of the four main components ( Fig. 5 ) of the device: (i) the sensitized dye, (ii) the metal oxide semiconductor, (iii) the redox couple electrolyte and (iv) the counter electrode. For a high-effective solar cell, all components require fine-tailoring.
At the heart of the system is a mesoporous oxide layer composed of nanometer-sized particles sintered on a transparent conductive glass substrate, such as indium-doped tin oxide (ITO) or fluorine-doped tin oxide (FTO) glass. This mesoporous metal oxide film acts as a high surface area support for the sensitizer, a pathway for electron transportation and a porous membrane for diffusion of the redox couple. The oxide semiconductor most frequently used in DSSCs is titanium dioxide (anatase); it is an inert, low cost, widely available, non-toxic and biocompatible material, and has a larger bandgap (3.2 eV) and a higher conduction band edge energy, leading to a higher Fermi level and V OC in DSSCs. 72, 73 Attached to the surface of the oxide semiconductor film is a monolayer of dye sensitizer. The role of the dye in DSSCs consists in acting as a molecular electron pump. It harvests incident sunlight, pumps an electron into the semiconductor, accepts an electron from the charge mediator, and then repeats the cycle. 52 As an efficient dye sensitizer, it should have wide and strong absorption in the visible range, even in the NIR range, strongly anchoring groups (-COOH, -H 2 PO 3 , -SO 3 H, etc.) to bind the dye on the semiconductor surface, high stability and reversibility in the oxidized, ground and excited states, a suitable redox potential in relation to the semiconductor and the charge mediator, and photo, thermal and electrochemical stability. 49, 68, 74, 75 The updating of the highest efficiency of DSSCs is often accompanied by the discovery of new dyes.
The electrolyte sandwiched between the photoanode and the counter electrode (CE) is of crucial importance for stable operation of a DSSC because it must carry the charge between the photoelectrode and the counter-electrode for regeneration of dye and itself. 10, 48, 49, 75 Photo-excitation of the dye results in the injection of an electron into the oxide semiconductor and the electron donor (triiodide) in the electrolyte must reduce the oxidized dye to the ground state as rapidly as possible. The electron acceptor (iodide) migrates to the CE to compensate its missing electrons and the electron donor (triiodide) is regenerated, the circuit being completed via electron migration through the external load. For regeneration of dyes and electrolytes, the redox potential of the redox couple should be considered full. Also, the redox couple must be fully reversible, chemically stable, and have no significant absorption in the visible light range. The solvent should be of low viscosity to permit the rapid diffusion of charge carriers and to provide good dispersion of the redox couple, compatible with suitable sealing materials, and not cause desorption of the dye or even the dissolution of semiconductors on the electrode.
Among the various electrolytes, the polymer electrolytes are the most extensively investigated systems. 10, 76, [77] [78] [79] In recent years, the scientific community has turned its efforts in the direction of aqueous electrolytes; by means of DSSCs fabricated with water-based electrolytes, reduced costs, non-flammability, reduced volatility and improved environmental compatibility could be easily achieved. [80] [81] [82] [83] [84] Solid hole conductors capable of transporting charge and regenerating the dye, such as spiro-MeOTAD, can be used as charge mediators in DSSCs. [85] [86] [87] The charge carrier transportation and dye recombination for this solid-state DSSC is different from that in liquid-state DSSCs using liquid electrolytes; the charge carriers are transported via hole hopping in hole conductors rather than ionic migration in electrolytes.
Counter electrodes in dye-sensitized solar cells
An electrode is a solid electric conductor through which an electric current enters or leaves an electrolytic cell or other medium. An electrode in an electrochemical cell is referred to as either an anode or a cathode (words that were coined by William Whewell at Faraday's request). 88, 89 The anode is now defined as the electrode at which electrons leave the cell and oxidation occurs (indicated by a minus symbol, ''À''), and the cathode is defined as the electrode at which electrons enter the cell and reduction occurs (indicated by a plus symbol, ''+''). For dye-sensitized solar cells, the anode is the electrode on which the metal oxide semiconductor is deposited, and is also called photoanode, owing to the fact that incident sunlight often comes from here. The cathode is the electrode on which platinum and other conducting materials are deposited, and is more often called counter electrode, because it exists relative to the anode; a more important reason is that Gratzel first used ''counter electrode'' in his pioneering paper in Nature in 1991. 39 In DSSCs, the CE undertakes three functions: 49, [90] [91] [92] [93] (i) as a catalyst, it promotes the completion of process (5), i.e., the oxidized redox couple is reduced by accepting electrons at the surface of the CE, and process (4), i.e., the oxidized dye is reduced by collecting electrons via ionic transport materials in solid state DSSCs ( Fig. 5 ). (ii) As a positive electrode of primary cells, it collects electrons from the external circuit and transmits them into the cell. Thus the ultimate function of the CE is to return the electrons from the external load back into the ''circulation'' within the cell. (iii) As a mirror, it reflects the unabsorbed light from the cell back to the cell to enhance utilization of sunlight. 94 According to these basic functions, an optimal CE should possess the following qualities as required: high catalytic activity, high conductivity, high reflectivity, low-cost, high surface area, porous nature, optimum thickness, chemical, electrochemical and mechanical stability, chemical corrosion resistance, energy level that matches the potential of the redox couple electrolyte, good adhesivity with TCO, etc. Benchmark parameters for an ideal CE include 80% optical transparency at a wavelength of 550 nm, o20 O sq À1 sheet resistance (R S ), and 2-3 O cm 2 charge transfer resistance (R CT ). 8, 95 The overvoltage should be as low as possible at photocurrent densities up to 20 mA cm À2 . However, it is not easy for one material to achieve all these parameters simultaneously in most of the cases. For example, the required R CT and R S can be achieved in carbonbased CEs, but optical transparency is not ideal.
The CE has important effects on the photovoltaic parameter of DSSCs. The theoretical maximum photovoltage of the DSSC is determined by the energy difference between the redox potential of the mediator and the Fermi level of the metal oxide semiconductor on the photoanode and can only be obtained at zero current. Under load, however, the output voltage is usually less than the open circuit voltage. This voltage loss comes from the overall overpotential of the CE (Fig. 5 ), which comes from the delivery of current through the electrolyte (the mass-transfer overpotential) and through the electrolyte/counter electrode interface (the kinetic overpotential or charge-transfer overpotential). The former is mainly influenced by the ionic conductivity of electrolytes and the transportation of mediator species from the CE to the photoanode, whereas the electrocatalytic properties of the CE surface towards mediator reduction will determine the magnitude of the latter. 96, 97 An effective CE should have good conductivity and exhibit high electrocatalytic activity for reduction of the redox couple. The reduction reaction (I 3 À + 2e -3I À ) on naked ITO (indium tin oxide) or FTO (fluorine-doped tin oxide) glass is extremely slow. 93, 98 Thus, in order to minimize the charge transfer overpotential, catalytic materials should be coated on conducting substrates to speed up the reaction. In DSSCs, the transportation of charge carriers from the photoanode to the CE must meet various resistances, including: [98] [99] [100] [101] the series resistance (R S ) comprising the sheet resistance of TCO glass and the contact resistance of the cell; the resistance at TCO/ TiO 2 contact (R TCO-TiO 2 ); the transport resistance of electrons in the TiO 2 film (R TiO 2 ); the charge-transfer resistance of the charge recombination between the electrons in the TiO 2 film and I 3 À in the electrolyte (R CT ); the Warburg parameter describing the Nernst diffusion of I 3 À in the electrolyte (Z d ); the charge-transfer resistance at the CE/electrolyte interface (R CE-electrolyte ); and the charge-transfer resistance at the exposed TCO/electrolyte interface (R TCO-electrolyte ). In DSSCs, the charge-transfer resistance at the CE/electrolyte interface (R CE-electrolyte ) is often dominant among multiple charge-transfer resistances, and thus the R CT often refers to R CE-electrolyte , if there is no special note. Among these charge-transfer resistances, the series resistance (R S ) and the charge-transfer resistance at the CE/electrolyte interface (R CT ) are enslaved to the CEs. The series resistance of a solar cell dominates fill factor (FF) losses, 102 especially in large area commercial solar cells. A smaller series resistance (R S ) will give a higher FF, which results in a high conversion efficiency. 101, [103] [104] [105] The catalytic activity of the CE can be explained in terms of current density ( J), which is calculated from the charge transfer resistance (R CT ):
where R, T, n, and F are the gas constant, temperature, the number of electrons transferred in the elementary electrode reaction (n = 2) and the Faradays constant, respectively. 106 In order to improve the performance of DSSCs, many scientists have been devoting their research to the CEs. Based on the above selection criteria, many materials have been chosen as the CE of dye-sensitized solar cells, and good progress has been achieved. Novel CE materials present excellent properties even better than those of platinum which are significant to promote the industrialization of dye-sensitized solar cells. According to the material composition, the CEs can be made of platinum, other metal materials, carbon materials, transition metal compounds, conductive polymers, and composites. According to the literature search based on ISI Web of Science and WIOP ( Fig. 7) , the carbon materials are the most commonly used CE materials in DSSCs, and published papers' share of the total articles on CEs amounts to 23% and the patents account for 47% of the total.
Preparation of counter electrodes
There are many kinds of preparation methods for CEs in DSSCs, including thermal decomposition, electrochemical deposition, chemical reduction, chemical vapor deposition, hydrothermal reaction, sputter deposition, in situ polymerization, etc. The preparation methods have a great influence on particle size, surface area, morphology as well as the catalytic and electrochemical property of the electrodes. The smaller particles and larger surface areas of the electrodes will produce more catalytic active sites and promote the improvement of electrocatalytic activity of the electrodes. With the rapid development of electrode materials in recent years, the preparation methods are diversified. All of the preparation techniques aspire for highly catalytic and conductive electrode materials.
1.4.1. Thermal decomposition. Thermal decomposition or pyrolysis is often used for preparing CEs, and is relatively easy and simple. It can help in obtaining CE materials with a porous structure by thermally decomposing the precursor. Tang et al. prepared a microporous Pt film with a pore diameter of 100-150 nm by a facile rapid thermal decomposition method. 107 The microporous Pt electrode had higher catalytic activity and smaller resistance than the conventional Pt electrode. The DSSC based on the microporous Pt CE achieved an efficiency of 8.15%; this efficiency is increased by 21.28% compared to the DSSC with conventional Pt CE. Wu et al. synthesized bimodal mesoporous carbon (BMC) with embedded Ni nanoparticles (BMCNi) by thermal pyrolysis of the nickel-organic framework (NiOF) in a nitrogen environment followed by acid treatment. 108 The NiOF enabled the formation of small mesopores (3.6 nm). The thermal decomposition and acid treatment generated large mesopores (23.6 nm). The small mesopores contributed to high surface area and the large mesopores contributed to speed up the transport of electrolyte species. Consequently, the DSSC based on the BMCNi CE achieved an efficiency of 8.6%, which was higher than that of the DSSC with Pt (8.4%). Zheng et al. prepared podlike nitrogen-doped carbon nanotubes encapsulating FeNi alloy nanoparticles (Pod(N)-FeNi) by the direct pyrolysis of organometallic precursors. 109 DSSCs with Pod(N)-FeNi CE achieved an efficiency of 8.82%, which was superior to that of the DSSC with sputtered Pt CE.
1.4.2. Electrochemical deposition. Electrochemical deposition is widely used in the preparation of CEs of DSSCs. Owing to deposition at lower temperatures, the electrodes prepared by electrodeposition have a strong adhesive force and do not have residual thermal stress between the deposition layer and the substrate layer; uniform films can be made on the surface with various complicated shapes; the coating thickness and chemical compositions of the films can be controlled easily. In one word, electrochemical deposition is a very effective technology for preparing CEs. Electrochemical deposition includes galvanostatic electrodeposition, potentiostatic electrodeposition, pulsed electrodeposition, electrophoretic deposition, etc. The performances of as-prepared CEs rely on deposition conditions, such as the deposition method, the concentration of ions in solution, pH value, reaction time and temperature, deposition potential, current density, etc. 110 Among these factors, the deposition method and electrochemical parameters have more effect on the compositions, morphology and properties of the resultant electrodes.
Zhong et al. prepared a Pt CE by the galvanostatic electrodeposition method. 111 The electrodeposited Pt has a much higher electrocatalytic activity than the pure Pt electrode. The electrocatalytic activity of Pt increases with depositing current density. A large current density leads to small Pt grains (Bnanometer) and a small current density generates large Pt grains (B100 nanometers). Yoon et al. prepared a Pt CE in the presence of a structure-directing surfactant (C16EO8) by the potentiostatic electrodeposition method. 112 The DSSC fabricated with the electrochemically deposited Pt CE exhibited a higher efficiency of 7.6% while the devices with the sputter-deposited or commonly used thermally deposited Pt CEs showed efficiencies of only approximately 6.4%. Hsieh et al. investigated the Pt film with a nanoflowers (PtNFs) structure on ITO glass prepared by the pulse reversal electrodeposition (PRE) technique. 113 The DSSC based on the as-prepared PtNF CE showed a conversion efficiency of 7.74% while the cell with an additional thin (2 nm) sputtered layer of Pt on the PtNF film showed a much higher efficiency of 8.13%. Sun et al. prepared a NiS CE by a facile periodic potential reversal (PR) technique to supersede Pt CEs of DSSCs. 114 The CEs prepared by PR have a large surface area and higher catalytic activity than those prepared by the traditional potentiostatic (PS) technique. The DSSC with the NiS deposited by the PR technique performed much better (6.82%) than that obtained by the PS method (3.22%). 1.4.3. Chemical reduction. Compared with other methods, the chemical reduction technique has some advantages, such as simple procedure, easy operation, reaction at low temperature, and low cost, which make this technique suitable for large-scale production applications. Huo et al. prepared CoS films by repetitive electrophoretic deposition and ion exchange deposition, and then treated them with NaBH 4 + H 2 SO 4 . 115 The resultant honeycomb-like CoS CE had a large specific surface area, good catalytic activity and lower charge-transfer and series resistances. The DSSC based on the CoS CE achieved a power conversion efficiency of 7.72%. Dao et al. synthesized Pt nanourchins (PtNUs) on FTO glass by facile one-pot room temperature chemical reduction of H 2 PtCl 6 using formic acid. 116 The PtNUs have very low chargetransfer resistance and a large surface area with a 3D nanostructure. The DSSC based on PtNUs achieved an efficiency of 9.39% while the efficiency of the DSSC with Pt-sputtered CE was only 8.51%. In order to achieve better dispersion and particle size control, Song et al. explored direct deposition of Pt nanoparticles by using a simple and urea-assisted homogeneous deposition and ethylene glycol (EG) reduction method. 117 The hydrolysis of urea at lower temperature produced platinum hydroxide, which was distributed on the FTO substrate due to the electrostatic repulsion, and then reduced to Pt by EG. Owing to the high electrocatalytic activity and small charge transfer resistance at the electrolyte/electrode interface, the DSSC based on the as-prepared Pt CE achieved a high efficiency of 9.34%.
1.4.4. Chemical vapor deposition. Chemical vapor deposition (CVD) is a chemical process used to produce high-quality solid materials. In a typical CVD, the substrate is exposed to one or more volatile precursors; the precursors react and/or decompose on the surface of the substrate to produce the desired deposit. Physical vapor deposition uses a liquid or solid source and chemical vapor deposition uses a chemical vapor. Nowadays, CVD technology is widely applied in the preparation of various materials, including semiconductors, synthetic diamonds, oxides, sulfides, nitrides, carbides, and two or multi-element compounds. Polymerization by CVD is perhaps the most versatile among all applications. The physical and chemical properties of the as-prepared material can be precisely controlled by gas doping during the deposition process.
Nam et al. prepared aligned carbon nanotube (CNT) arrays by chemical vapor deposition. 118 A highly ordered array structure ( Fig. 8) is beneficial for the fast electron transfer and is helpful for the rapid diffusion of the electrolyte inside the electrode. The DSSC based on the as-prepared CNT CE achieved a high conversion efficiency of 10.04%. Xue et al. developed a strategy for creating 3D graphene-CNT hollow fibers with radially aligned CNTs (RACNTs) seamlessly sheathed by a cylindrical graphene layer via a one-step chemical vapor deposition method using an anodized Al wire template. 119 By controlling the anodization time and Al wire diameter, the diameter of the graphene hollow fiber and the length of the RACNTs can be tuned. These fibers, with a controllable surface area, meso-/micropores, and superior electrical properties, are excellent electrode materials for all-solid-state wire-shaped supercapacitors and DSSCs. 120 The DSSCs using the fiber as a CE achieved a power conversion efficiency of 6.8% and outperformed their counterparts that used Pt wire as CE by a factor of 2.5.
1.4.5. Hydrothermal reaction. Hydrothermal reaction is a reaction occurring in an aqueous medium at high temperature and pressure. Compared with other methods, the hydrothermal reaction method is easier for researchers to operate and to realize large-scale preparation. This method helps to produce various materials and structures by controlling the reaction temperature, time, pressure, packing ratio and reactant ratio. The hydrothermal reaction is often used in the preparation of CEs, particularly in transition metal compound and composite CEs.
Xiao et al. prepared a PtNi alloy with slender tentacles by a hydrothermal method and used the PtNi alloy as the CEs for DSSCs. 121 Owing to its 3D surfaces, the 2 h hydrothermalprocessed PtNi CE had the highest catalytic activity and the lowest charge transfer resistance. The DSSC based on this PtNi bimetallic CE achieved a conversion efficiency of 8.95%, which was close to that of the device with pure Pt CE (9.24%) under the same conditions. Huo et al. synthesized CoMoO 4 /Co 9 S 8 hybrid nanotubes by a simple two-step hydrothermal method. 122 The CoMoO 4 /Co 9 S 8 CE had a rough surface and smaller R S and R CT than a Pt CE. The DSSCs assembled with a CoMoO 4 /Co 9 S 8 CE achieved a power conversion efficiency of 8.60%, which is higher than that of DSSCs with a Co 9 S 8 CE (7.69%) or a Pt CE (8.13%).
1.4.6. Sputter deposition. Sputter deposition is a physical vapor deposition (PVD) method of thin film deposition by sputtering. This involves ejecting a material from a ''target'' that is a source on a ''substrate'' such as a conductive glass. Sputtering is one of the main processes for making efficient photovoltaic solar cells. An important advantage of sputter deposition is that even materials with very high melting points are easily sputtered. The films prepared by sputtering have high purity, uniformity, repeatability, better adhesion on the substrate, and accurately controlled loaded amount. Sputtering can be performed top-down while evaporation must be performed bottom-up. Based on the materials used and controlling modes, there are radio frequency (RF) sputtering, vacuum sputtering, magnetron sputtering, ion-beam sputtering, reactive sputtering, ion-assisted sputtering, etc. The standard counter electrode, frequently used for comparison, sputtered Pt electrode, is made by this sputter deposition method. 123 Cheng et al. reported the preparation of high quality copper indium gallium diselenide (CIGS) thin films by magnetron sputtering from a single ternary alloy target and annealing under Se vapor at 550 1C for 30 min. 124 The CIGS films as CE exhibited good electrocatalytic activity and high conductivity.
The DSSC with the CIGS CE achieved an efficiency of 7.13%, comparable to the efficiency of the DSSC using a Pt CE (6.89%). Soo et al. prepared nickel nitride (Ni 2 N) films with a cauliflower-like nanostructure and tetrahedral crystal lattice by reactive sputtering of nickel under a N 2 atmosphere at room temperature. 125 The Ni 2 N electrodes displayed superior electrocatalytic activity for the polysulfide redox electrolyte. Compared to the CdSe-based quantum dot-sensitized solar cell (QDSSC) using Pt CEs with an efficiency of 2.01%, the CdSe-based QDSSC using the Ni 2 N CEs achieved an efficiency of 2.80%.
1.4.7. In situ polymerization. The in situ polymerization reaction is often used in the preparation of conductive polymer CEs, such as those based on polyaniline (PANI), polypyrrole (PPy), and polythiophene (PT) derivatives, poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT), etc. The appropriate initiator is added in the organic monomer solution, which triggers the polymerization of these organic monomers. If a conductive glass substrate is placed in the reaction solution, the polymer will in situ grow on the surface of the substrate, and a conductive polymer CE thus is in situ obtained. The conventional polymerization method is simple, but it often produces some disadvantages, including the aggregation of polymers and large interfacial charge transfer resistance between polymers and substrates, which is not conducive to the improvement of photovoltaic performance of DSSCs. Using in situ polymerization, the disadvantages will be avoided, and the photovoltaic parameters of DSSCs will be improved. 126 Anothumakkool et al. prepared a flexible, free-standing, Pt-and TCO-free counter electrode from polyethylenedioxythiophene (PEDOT)-impregnated cellulose paper by simple and scalable in situ polymerization all through a roll coating technique. 127 The PEDOT paper (40 mm thick) had high conductivity (357 S cm À1 ) and low sheet resistance (4 O sq À1 ), which are superior to that of the conventional FTO substrate. A DSSC based on the PEDOT CE displayed an efficiency of 6.1%, and the efficiency of the DSSC based on the Pt/FTO CE was 6.9%.
The preparation technology of counter electrodes is more sophisticated than the above mentioned methods. However, there is no method that is omnipotent and the choice of preparation methods should be based on the actual situation.
Characterization of counter electrodes
In order to understand the relative reaction process mechanism, such as charge generation, charge transfer and charge recombination, 68, [128] [129] [130] to design novel materials and enhance the photovoltaic performance of the DSSCs, a variety of characterization methods have been developed. [131] [132] [133] Electrochemical and photoelectrochemical methods have been considered as the most powerful tools in investigating the process mechanism, analyzing component interactions and evaluating the performances of the DSSCs. 129, 134, 135 They include currentvoltage (I-V) characterization, cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS).
1.5.1. Photovoltaic measurements. The current-voltage (I-V) characteristic curve is the relationship between the output current and voltage of the solar cell under standard full spectrum irradiation, and is used to determine the photovoltaic parameters of the device. 10, 68, 136 In the I-V curve ( Fig. 9 ), the open circuit voltage (V OC ) and short circuit current (I SC ) or short circuit current density ( J SC ) are the intercepts of the J-V curve in the lateral and vertical axes, respectively. J SC is the current density of the cell in short circuit connection (V = 0), which indicates the maximum photocurrent output capability of the cell; V OC is the voltage of the cell in open circuit connection (I = 0), which indicates the maximum photovoltage output capability of the cell. At the inflection point of the curve corresponding to the photocurrent (I mp ) and photovoltage (V mp ) of the maximum output power (P max ), the projected rectangular area of this inflection point is the actual maximum output power of the device. The ratio of P max to the product of V OC and J SC is defined as the fill factor (FF), which takes a value from 0 to 1. Various power losses in the solar cells are electrically equivalent to resistances in series and in parallel (shunt) and reduce the FF. A high FF value means a more preferable rectangular shape for I-V curves and high efficiency for the device.
The overall sunlight-to-electric power conversion efficiency (Z or PCE) of the DSSC can be calculated as follows:
where P in is the power density of the incident light and A is the active surface area of the cell.
The incident photon to current conversion efficiency (IPCE), sometimes referred to as ''external quantum efficiency'' (EQE), corresponds to the number of electrons (N e ) measured as photocurrent in the external circuit divided by the number of monochromatic photons (N p ) that strike the solar cell in unit time, which is an important parameter for determining the photovoltaic performance of solar cells. It can be written as
Here, J SC (l) is the short-circuit photocurrent density (mA cm À2 ) under monochromatic light illumination with wavelength (l, nm) and P in is the power (mW cm À2 ) of incident light. According to the IPCE generation, the IPCE is related to the sunlight harvesting efficiency (LHE), quantum efficiency (j inj ) for electron injection into the TiO 2 conduction band from the excited state of the dye, and charge collection efficiency (j cc ) at the interface between the surface of TCO glass and TiO 2 film. Thus, IPCE can be expressed as 63, 68, 137 IPCE (l) = LHE(l)j inj j cc
Traditionally, the IPCE is measured under short-circuit conditions. There are two essential methods: the DC and the AC method. After a systematic study, the Han group recommended the AC mode with a frequency lower than 5 Hz and the DC mode with a large photon flux (10 16 cm À2 s À1 ) of the monochromatic light in the measurement of IPCE. 138 DSSC is a photochemical solar cell. It has a high interfacial capacity and thus slow electrical response, which means a longer response time to achieve the same photoelectric conversion as a Si solar cell. Han et al. found the dependence of photovoltaic data of the DSSCs on the voltage sweep direction and sampling delay time. 138, 139 They defined voltage sweep from short circuit to open circuit as normal scan and that from open circuit to short circuit as reverse scan. Their results showed that greater V OC and FF were obtained from the reverse scan, while the J SC remained the same. With an increase of sampling delay time, the differences between the reverse and the forward were reduced, and the power conversion efficiency was almost unchanged when the sampling delay time was more than 40 ms. Aoki et al. 140 and Takagi et al. 141 also obtained similar results. Additionally, determining the cell area using a shading mask with an area smaller than that of TiO 2 electrodes will improve measurement accuracy. 138, 139 The standard irradiance spectrum for solar cell measurements is AM 1.5 G; however, the actual light source often used is a white light from a solar simulator, and most of the solar simulators do not provide a standard AM 1.5G spectrum. A careful correction is needed. 142, 143 1.5.2. Cyclic voltammetry. Electrochemical methods are used to characterize all the components of the DSSCs. They give important information on the energy levels of the components, the reversibility of electrochemical reactions and the kinetics of electrochemical processes. Cyclic voltammetry (CV) is an important tool for investigating counter electrodes. [144] [145] [146] A three-electrode system is widely used to carry out cyclic voltammetry which consists of a working electrode, a reference electrode, and a counter (auxiliary) electrode. The potential is swept at a constant rate and reversed at a certain point, while the current is monitored continuously. The potential is measured between the working electrode and the reference electrode, while the current is measured between the working electrode and the counter electrode. These data are plotted as current (I) versus applied potential (E, often referred to as ''potential'').
A typical cyclic curve is shown in Fig. 10 . The waveform of even reversible redox couples is complex owing to the combined effects of polarization, diffusion and rate of electron transfer. The potential difference between the two peaks (DE p = |E pc À E pa |) is an important parameter. The DE p value is negatively correlated with the redox reaction rate, and the electron transfer rate can be calculated from DE p by the theory suggested by Nicholson in 1965. 145 The theory shows that smaller DE p results in a faster redox reaction, indicating a higher electrocatalytic activity. 145 In the ideal reversible couple for an n electron process, DE p = E pa À E pc = 56.5 mV/n. 144 The experimentally observed values are often greater. For instance, for the one electron process, DE p approached 70 or 80 mV. The difference between theory and practical measurements is deemed as the activation barrier or overpotential for electron transfer. Larger overpotential is disadvantageous for the redox reaction.
As for current, reversible couples are characterized by i pa /i pc = 1. In other words, the more reversible the redox couple is, the more similar the oxidation peak will be in shape to the reduction peak. When a reversible peak is observed, thermodynamic potential (a half cell potential) E 0 1/2 can be determined. Many redox processes observed by CV are quasi-reversible or non-reversible. In such cases the thermodynamic potential E 0 1/2 is often deduced by simulation. The irreversibility is indicated by i pa /i pc a 1. The irreversible deviations are attributable to a subsequent chemical reaction that is triggered by the electron transfer. Such electrochemical processes can be complex, involving isomerization, dissociation, deposition, etc. Additionally, the scan rate determines the peak current. If the electron transfer at the electrode surface is fast and the current is limited by the diffusion of measured species to the electrode surface, then the peak current will be proportional to the square root of scan rate. The correlation among peak current density ( J red ), diffusion coefficient (D n ), and scan rate (n) can be expressed by the Randles-Sevcik equation: 147, 148 J red = KACn 1.5 D n 0.5 n 0.5 (5) where K is a constant (=2.69 Â 10 5 ), n is the number of electrodes contributing to the charge transfer, A is the electrode area, and C represents the bulk concentration of redox species. In DSSCs, the iodide/triiodide couple is often used as a redox mediator in liquid electrolytes. The CV curves in iodide/ triiodide electrolytes often contain two pairs of redox peaks. The left pair refers to reaction (6) and the right pair corresponds to reaction (7) . Reaction (6) has a significant influence on the performance of the DSSCs, and this should be majorly concerned, especially in the anode reaction. 149, 150 
1.5.3. Electrochemical impedance spectroscopy. Electrochemical impedance spectroscopy (EIS) is a powerful tool for studying the kinetics of charge transport and electron-hole recombination and for evaluating the electrocatalytic activity of counter electrodes in DSSCs. [151] [152] [153] [154] In principle, the potential applied to a system is perturbed by a small sine wave modulation and the resulting sinusoidal current response (amplitude and phase shift) is measured as a function of modulation frequency. From the applied perturbation and the measured response, the magnitude of the impedance is determined. The impedance is defined as the frequency domain ratio of the voltage to the current and is a complex number. According to the appropriate equivalent circuit, the measured data are fitted by some software and the electrochemical parameters such as series resistance (R S ), charge transfer resistance (R CT ), diffusion resistance (Z W ) and constant phase element (CPE) can be obtained, and thus the electrochemical properties of the system can be analyzed. 155 There are various dielectric mechanisms in an electrochemical system, and each dielectric mechanism has its characteristic frequency, and each electrochemical impedance and process in this system thus can be investigated by this method. 68, 137, 148 EIS data are often expressed in a Nyquist plot or a Bode plot. In a complete Nyquist plot for DSSCs, there are usually three semicircles. The starting point is series resistance (R S ), mainly caused by the conductive substrate, connecting wires, etc.; the first semicircle (high frequency) refers to the charge transfer resistance (R CT ) at the CE/electrolyte interface; the second semicircle (middle frequency) corresponds to the charge transfer resistance (R CT ) at the anode/dye/electrolyte interface; the third semicircle (low frequency) is attributed to the redox species diffusion resistance (Z W ). 148, 154 Owing to the small distance between two electrodes and the low viscosity of the electrolyte, the third semicircle is often not observed.
Huang et al. studied the p-type dye-sensitized NiO solar cells by EIS. 154 To determine the Pt amount on counter electrodes, three counter electrodes with the same area and different Pt amounts (C1, 10 mg cm À2 ; C2, 2 mg cm À2 ; and C3, 1 mg cm À2 ) were prepared. It is clear that the C1 electrode has a smaller charge transfer resistance (R CT ) at the electrolyte/electrode interface than the other two electrodes from the first semicircle at the high frequency region in the Nyquist plots shown in Fig. 11(a) . The low resistance of the C1 electrode is due to its high platinum loading, which facilitates electrocatalytic activity towards the iodide/triiodide redox couple.
To understand the kinetic process related to the second semicircle in the Nyquist plot, the illumination intensity was changed from 0.2 to 1.0 Sun. Fig. 11 (b) shows the Bode plots using C1 as CE under different light intensities at open circuit. With the decrease of light intensity, the low frequency peak obviously shifts to the lower frequency region, implying a trend of longer time constant. As we know, the recombination process is expected to be slow under low light intensities due to the less photogenerated hole in the NiO film. Therefore, the results in Fig. 11 (b) provide strong evidence to assign the second semicircle in the Nyquist plots to the recombination charge transfer process at the NiO/dye/electrolyte interface. 154 1.5.4. Intensity-modulated photocurrent and photovoltage spectroscopy. Intensity-modulated photocurrent spectroscopy (IMPS) and intensity-modulated photovoltage spectroscopy (IMVS) are photoelectrochemical techniques, which are fairly similar to the EIS method. They are based on a controllable modulation of incident light intensity. The input signal is generally composed of a bunch of stable background light signals and a beam of light signal which is perturbed by a small sine wave modulation, and the two parts are superimposed on the target. The output signal is the corresponding steady state photocurrent and modulated photocurrent (short circuit state) or steady state photovoltage and modulated photovoltage (open circuit state). By comparing the frequency response of the input signal and the output signal amplitude and phase, and fitting relative data from IMPS and IMVS, the electron diffusion coefficient (D n ), electron life time (t n ), absorption coefficient (a) and important information can be obtained, which provide useful tools to study the electron transport mechanism and charge transfer kinetics in DSSCs. 136, [156] [157] [158] [159] [160] [161] [162] Under short circuit conditions, the photocurrent response is measured at different frequencies in IMPS and the electron transport time (t d ) can be expressed as
Here, f min,IMPS is the frequency corresponding to the lowest point of the imaginary part of the IMPS spectrum. Under open circuit conditions, the photovoltage response is measured at different frequencies in IMVS and the electron life time (t n ) can be expressed as
Here, f min,IMVS is the frequency corresponding to the lowest point of the imaginary part of the IMVS spectrum. The charge collection efficiency (Z cc ) can be obtained by as follows:
The shorter the t d and the longer the t n are, the higher is the Z cc , which is conducive to enhance the photovoltaic performance of DSSCs. IMPS/IMVS and EIS are frequency-domain techniques. IMPS/ IMVS measures the current/voltage response to a modulated light intensity superimposed on a steady light intensity, whereas EIS measures the current response to a modulated applied bias superimposed on a constant applied voltage. The analysis of IMPS/IMVS is based on the models and equations, whereas EIS is evaluated using resistance and capacitance elements as an equivalent circuit. 101, 160, [162] [163] [164] IMPS/IMVS and EIS have their own strengths and weaknesses in the study of transportation and recombination. For instance, EIS is not suitable for the research on the electron transport process in TiO 2 films owing to the Warburg feature associated with electron transport, which may overlap with other processes. [165] [166] [167] However, the IMPS technique is suitable to examine the electron transportation in TiO 2 films over a range of light intensities. 168, 169 The electron transfer process across both the TiO 2 /dye/electrolyte interface and the electrolyte/Pt-TCO interface can be detected by EIS at any bias under illumination or in the dark. The IMVS mainly involves the electron transfer process across the TiO 2 /dye/ electrolyte interface at open circuit under illumination. But the IMVS can obtain the characteristic time for electron recombination, and the technique is not affected by TCO glass or the counter electrode. 154 By combining EIS, IMPS and IMVS, the Dai group studied the relationship between the series resistance (R S ) and the dynamic process of DSSCs. 170 The results showed that under short circuit conditions, electron transport was dominated by the series resistance in TCO (R h ) and at the electrolyte/Pt-TCO interface (R 1 ). These resistances had no significant influence on charge recombination under open circuit conditions. As R h or R 1 increased (without silver grid lines or without Pt), the electron transit time (delay time, t d ) became longer and the electron lifetime (t n ) remained invariant. To investigate the influence of the Nernst diffusion resistance (R 3 ), they varied the thicknesses of the bulk electrolyte layer, and found that R 3 affected the electron transfer and charge transport. 170 R 3 limited the electron extraction from the TiO 2 film to the external circuit, and influenced the electron transfer from the TiO 2 film to triiodide in the electrolyte.
Transparent and flexible counter electrodes
Conductive substrates
In DSSCs, the counter electrode is constructed by coating different kinds of conductive materials on a conductive substrate. According to the working principle of the DSSCs, the main function of the conductive substrate is collecting and transmitting electrons, transmitting light, and supporting the solar cell. Therefore, the substrates must meet the following three requirements: high conductivity, good light transmittance on at least one side, proper mechanical strength to support the cell body to form a sealed stable device. According to these requirements, three kinds of materials can be candidates for electrode substrates in DSSCs: conductive glass, conductive plastic and metal substrate.
2.1.1. Conductive glass substrates. Transparent conducting films (TCFs) are widely applied in various photoelectronic devices, such as liquid-crystal displays, OLEDs, touchscreens, and photovoltaics. 171 For photovoltaic applications, TCFs are fabricated from both inorganic and organic materials. Inorganic films typically are made up of a layer of transparent conducting oxide (TCO) on transparent glass to form a conductive glass substrate. In general, TCO used as electrode materials in solar cells should have a bandgap greater than 3.2 eV to avoid absorption of light over most of the solar spectra and have incident light transmittance greater than 80%; meanwhile, it should have a minimum carrier concentration on the order of 10 20 cm À3 for low resistivity and electrical conductivity higher than 10 3 S cm À1 for efficient carrier transport. Mobility in these films is limited by ionized impurity scattering due to the large amount of ionized donors, and mobility is on the order of 40 cm 2 V À1 s À1 for the best performing TCOs. In addition, the current TCOs used in industry are primarily n-type conductors, meaning their primary conduction is as donors of electrons. This is because electron mobility is typically higher than hole mobility. 172, 173 In a DSSC, the conductive glass substrate plays an important role in transmitting the incident light and collecting the electrons. In this sense, transmittance and conductivity may be equally important. 174 The TCO includes indium-doped tin oxide (ITO), fluorine-doped tin oxide (FTO), aluminum-doped zinc-oxide (AZO), antimony-doped tin oxide (ATO), etc. Among them, ITO and FTO are the most widely used in DSSCs. The ITO glass shows high transparency and high electrical conductivity at room temperature, which make it an important candidate for electrode substrates in DSSCs. However, indium is a rare element, and the application of ITO is limited. More importantly, the conductivity of the ITO layer is severely destroyed at high temperature. When it is heated at 300 1C or higher, its electrical resistance increases more than three times which is ascribed to the fact that the oxygen from atmosphere bonds to a portion of the oxygen-vacancies in the heated ITO, and thus reduces electron supply and conductivity of the substrates. As the anode substrate of DSSCs, the TCO glass must be calcinated at 400-600 1C to solidify an oxide semiconductor on it. Thus, ITO glass cannot qualify for this task. 175, 176 The transparent conducting oxide of FTO has good light transmittance, good electrical conductivity, good adhesion with the glass substrate, high Moh's hardness, good chemical stability, corrosion resistance and other merits. More importantly, FTO has been known to be resistant to heat up to 600 1C, which makes FTO the most widely used electrode substrate in DSSCs among the several kinds of TCOs. 177 Due to the different configurations, materials and fabricated conditions used, the choice of an appropriate TCO for the photoanode of DSSCs is not always easy, and the reports are often ambiguous. 178 For example, Zumeta and Sima et al. highly recommended FTO as the TCO, owing to its low and temperature-stable resistivity. 176, 178 On the other hand, Yoo et al. reported a better photovoltaic performance of the DSSC with ITO/ATO/TiO 2 than with the conventional FTO. 179 However, owing to no requirement for high temperature calcination, ITO is often used as a rigid conductive substrate for CEs.
2.1.2. Conductive polymer substrates. Nowadays, polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) are the most common plastic substrates. 180 The ITO coated on PET film (ITO/PET) and PEN film (ITO/PEN) are the most often used conductive polymer substrates in DSSCs. 181, 182 For a rigid substrate used in DSSCs, the heat treatment at 450 1C for 30 min is an indispensable step to solidify the anode and cathode films on the surface of the conductive layer and to remove residues, binders and solvent presented in the precursor. However, for polymer PET and PEN substrates, thermal stability primarily depends on the maximum processing temperatures. When practical processing temperatures exceed 150 1C, the ITO/PET and ITO/ PEN substrates start to deform, and even melt at 235 1C. 183 The temperature of thermal treatment for polymer substrates cannot exceed 150 1C. 184, 185 Such a low annealing temperature cannot effectively decompose the residues from the precursor and also results in poor adhesion between the electrode films and the plastic substrates. In order to overcome these problems in conductive polymer substrates, a lot of new methods have been explored, such as screen printing, ink-jet printing, gravure printing, electrospray, electrophoretic deposition, spin coating, calendering press, static press, UV irradiation, electrospinning, photoplatinization, electrodeposition, and atomic layer deposition.
The commercial ITO/PET and ITO/PEN conductive polymer substrates are prepared by magnetron sputtering ITO on the PET and PEN substrates and then are annealed at high temperature. The high impedance ITO/polymer substrate is mainly used in the touch screen in mobile communication. The low impedance ITO/polymer substrate is mainly used in the field with high conductivity requirements, such as transparent electrodes for solar cells, electrode materials in electrochromic devices, membrane switches, etc. Both kinds of conductive polymer substrates have high transparency (480%) in the visible spectrum, a low sheet resistance of 10-15 O sq À1 , which is close to the typical value of the FTOcoated glass (7-15 O sq À1 ), high thermo-stability, low moisture permeability, and high chemical stability. Compared with the PET substrate, the PEN substrate has better heat resistance, water resistance, radiation resistance and higher Young's modulus.
Pringle et al. deposited PEDOT on the ITO-PEN substrate by a cheap and facile electrodeposition technique. 186 The DSSC with PEDOT/ITO-PEN cathode achieved a PCE of 8%, while the device based on Pt/FTO achieved a PCE of 7.9% under the same conditions. Pt spray-coated on ITO/PEN as the CE coupled with a Ti foil anode yielded a DSSC with a PCE of 8.5%. 187 Interestingly, a quasi-solidstate DSSC assembled with an optimized PET membrane exhibited a PCE of 10.25% under an irradiation of 100 mW cm À2 . 188 In addition to PET and PEN, polyimide (PI) can also be used as a polymer substrate owing to its excellent thermal/chemical stability and superior mechanical strength. 189, 190 Lin et al. deposited a bilayer Ni 3 S 2 /Ni-P film on a PI substrate through a series of chemical/electrochemical processes. 191 The bottom layer Ni-P replaced conventional TCO as a conductive layer, and the top layer Ni 3 S 2 was used as the catalyst for I 3 À reduction. The resultant flexible and TCO-free CE DSSC yielded an impressive PCE of 6.28%, which is higher than that of the DSSC based on the Pt/ITO/PEN flexible CE. Interestingly, a cellulose fibre-based photoanode and a nanoscale microfibrillated cellulose-based biopolymer electrolyte were successfully prepared and used in DSSCs, and the devices produced a PCE of 3.55% under 1 Sun irradiation. 192 Owing to features such as high flexibility, transparency 193 and easy-to-process polymer thermoplasticity 194 poly(dimethylsiloxane) (PDMS) membranes were used as top-and bottom-sealing substrates to replace glass/metals. A light-cured polymer-based flexible DSSC with a patterned ''Fakir''-shaped super-hydrophobic architecture on the external side (shown in Fig. 12 ) achieved a conversion efficiency exceeding 5%. 195 2.1.3. Metal substrates. Metal materials have excellent electrical conductivity, good flexibility and ductility, thermal stability withstanding high temperature treatment, lower sheet resistance compared to ITO, as well as low cost. The use of metal materials as electrode substrates of DSSCs can not only reduce the cost of the devices, but also help to improve the performance of the solar cell by reducing the internal resistance. Nowadays, numerous metals are tried as substrates in DSSCs including StSt, W, Ti, Co, Ni, Pt, Al, Cu, Zn, etc.
The metal foil or sheet are not light transmissible, so they cannot be used as substrates of the photoanode (or photoelectrode). The metal mesh and wire allow sunlight to go through, and they can be used as substrate materials of electrodes by ingenious design. Besides the lack of transparency, another disadvantage of the metal substrate is it is more prone to corrosion in the aggressive redox electrolyte medium. [196] [197] [198] Among these metals, high purity (499%) titanium foil is the most stable and resistant to corrosion due to the formation of a natural passivating oxide on its surface. The drawback of this material is the higher cost (12-40 $ per m 2 ) compared to stainless steel (StSt) sheets (4 $ per m 2 ). 199 The Ma group 196 and the Toivola group 197 researched the corrosion behaviors of titanium, nickel, aluminum, and copper, as well as stainless steel (StSt), zinc-coated steel and plain carbon steel in a liquid electrolyte containing the triiodide/ iodide redox couple, and found that titanium and stainless steel have better chemical stability than others. Other cheaper metals such as nickel or aluminum may also work well if proper protection is provided, for instance, the TiN/polyimide composite coating on the photoelectrode 200 or thick catalyst coating on the CE. 201 Man et al. 198, 202 investigated the influence of metal substrates and found that W, Ti, StSt, and Zn could be n-type semiconductor oxides after annealing. On the other hand, Al, Co, and Ni could be insulating oxides, which were effective supporting substrates when thin layers of both ITO and SiO x were sputtered on the metal surfaces.
Transparent counter electrodes
Different from the routine CEs with a smooth surface to reflect the unabsorbed light back to the cell and enhance utilization of sunlight, some special CEs are transparent and allow sunlight to pass, such as photocathodes, bifacial electrodes, mesh electrodes, etc. The photocathode was first assembled by Paulose et al. in 2006. 203 In their device, a 6 mm long highly ordered nanotubearray film made by potentiostatic anodization of titanium foil was used as anode (not photoanode). Owing to the light-proof anode, sunlight only entered from the cathode, which bored a photocathode and backside illuminated DSSC. Chen et al. reported a back-illuminated DSSC with an efficiency of 7.1% by using a high transparency Pt photocathode and a TiO 2 anode fabricated using electrophoretic deposition (EPD) on Ti-foil. 204 The bifacial DSSC is fabricated with a transparent anode and a transparent CE, and incident light enters the device from its front or rear surfaces. In 2008, 205, 206 Ito et al. first reported a bifacial DSSC assembled with a conventional anode and a transparent platinum CE (Fig. 13a ), and obtained a conversion efficiency of 6% for incident light striking its front or rear surfaces. After that, many transparent CEs were used in bifacial DSSCs, such as those made from polyaniline, 85, 207 PEDOT:PSS, 208 FeS 2 , 209 NiSe, 210 graphene, 211 and even metal wires. 212 The Wu group 85,213-215 made a novel design for bifacial cells in that an ordinary mirror was appended closely on the back of the CE (Fig. 13b ), which reflected the unabsorbed light back to the cell, so that the irradiation light was fully utilized and the 216 Another kind of electrodes with light transmission are based on metal meshes, also developed for organic light emitting diodes and organic photovoltaics, 216 199, 217 and are also transparent thus overcoming the drawback of metal foil that light cannot go through. The model of meshes, the distance and diameter of wires directly affect the transmission of the meshes. For the anode, the aperture size/ distance was around 15-20 mm, similar to the diffusion length for electrons in the TiO 2 layer, so as to ensure efficient charge collection. 218, 219 For CEs, the aperture size could be increased up to millimeters, according to Xiao et al. 220 In 2007, Fan et al. 221 first replaced conductive stainless steel meshes by transparent conducting oxides (TCOs), and the conductive metal mesh was coated with TiO 2 and used as working electrodes in flexible DSSCs. Also in 2007, 222 Murayama and his colleagues reported a new tandem cell structure for improving the photocurrent of DSSCs. Two dye-sensitized TiO 2 films were placed face-to-face as electrodes. As a CE, a transparent Pt mesh sheet was inserted between the electrodes. Owing to the current density of the two TiO 2 anodes, the conversion efficiency was improved from 1.8% to 3.9%. Xiao et al. fabricated an all titanium substrate solar cell using Ti foil as the anode substrate and Ti meshes as the photocathode substrate. 220 By optimizing the model and aperture of Ti meshes, the Pt/Ti CE showed a relatively high light transmittance of 92.31%, and the backilluminated DSSC achieved a PCE of 6.69% under an outdoor natural sunlight irradiation of 55 mW cm À2 . 220 
Flexible counter electrodes
For photovoltaic technology, flexible solar panels offer some merits over classic rigid solar panels. As outdoor products, flexible substrate-based PVs can be easily and quickly installed on buildings with flat or curved surfaces because of the lightweight and flexible nature of them. Although the DSSCs fabricated on transparent conductive oxide (TCO) coated glass have achieved efficiencies over 14%, 223 researchers show great interest in the devices using cheaper and flexible substrates in place of the glass. Flexible solar cells have two important advantages, flexibility and lightweight, of which the former would enable them to adapt to different shapes of surfaces and the latter would enable them as a mobile power source for portable electronic devices. On the other hand, flexible DSSCs are conducive to the roll-to-roll continuous and fast manufacturing process, which will significantly reduce the production cost. Conductive glass accounts for a significant percentage of the cost of the device, and replacement of glass with a flexible substrate is expected to reduce the cost of materials. [224] [225] [226] Flexible solar cells require flexible anodes and flexible CEs, and thus demand flexible electrode substrates. Since the conductive glass substrate is rigid, the preparation of flexible counter electrodes only uses conductive polymers and metals with flexibility as substrate materials. 225, 227 Flexible CEs should possess high conductivity, good catalytic activity towards the redox couple and firm adhesion between the catalyst and the substrate, 10,68 even if processed at low temperatures. In addition, high light transmittance is mandatory for a CE when using an opaque anode. 228 Similar to glass, 90 platinum is the most commonly utilized catalyst material due to its impressive catalytic properties. So far, sputtered Pt has often been the preferred choice for plastic CEs. In fact, Yamaguchi et al. demonstrated the most efficient all-plastic DSSC using sputtered Pt on ITO/PEN as CE (PCE of 8.1%). 229 Pt was deposited on the TiO 2 modified ITO/PEN substrate by UV photoplatinization. The flexible DSSC based on the TiO 2 /Ti photoanode and the obtained CE (transparency of 76% and R CT of 0.66 O cm 2 ) achieved a PCE up to 8.12% which is amongst the highest values reported. 230 Early in 1988, Gratzel et al. used metal titanium as the substrate and fabricated dye-sensitized solar cells without the intention of flexible devices. 62 The Wu group deeply and systematically studied the flexible DSSCs based on the Ti foil anode and the Ti mesh photocathode. 220, [231] [232] [233] [234] The schematic design of the DSSC is shown in Fig. 14(a) . Owing to the photocathode's high transparency, good electrocatalytic activity, and low charge transfer resistance and the anode's large specific area and high conductivity, under optimal preparation conditions and after various surface treatments and modifications, the flexible DSSC achieved a conversion efficiency of 6.69% and a maximum power output of 0.368 W under an outdoor natural sunlight irradiation of 55 mW cm À2 . 234 Liu et al. designed a three dimensional dye-sensitized solar cell (3-D DSSC) consisting of a spiral shaped Ti-wire/TNT working electrode and platinized titanium metal wire counter electrodes, separated with a porous SiO 2 layer as shown in Fig. 14(b) . 235 The fabricated 3D-DSSC yielded a conversion efficiency of 4.1%.
Metal and alloy counter electrodes
Platinum counter electrodes
Platinum is a chemical element with the symbol Pt and atomic number 78. It is a dense, malleable, ductile, precious, inert, gray-white transition metal, and was discovered by Julius Scaliger in 1735, who derived its name from the Spanish word platina, which means little silver. 90 Pt is one of the least reactive metals. It has remarkable resistance to corrosion, even at high temperatures, and is therefore considered a noble metal. Although Pt is generally unreactive, it dissolves in hot aqua regia to give aqueous chloroplatinic acid (H 2 PtCl 6 ). 236 Pt possesses excellent physical and chemical properties, such as good electrical conductivity and thermal conductivity and catalytic activity, which make the material useful in a wide range of applications. Of the 218 tonnes of platinum sold in 2014, 98 tonnes were used for vehicle emission control devices (45%), 74.7 tonnes for jewelry (34%), 20.0 tonnes for chemical production and petroleum refining (9.2%), and 5.85 tonnes for electrical applications such as hard disk drives (2.7%). The remaining 28.9 tonnes went to a variety of other minor applications, such as medicine and biomedicine, glassmaking equipment, electrodes, anticancer drugs, electrical resistance wires, etc. 237 The first requirement for a material to be used as CE in a DSSC is a low charge-transfer resistance and high exchange current density for the reduction of the oxidized form of the charge mediator ( Fig. 5 , process 5). Also, such materials must possess chemical and electrochemical stability in the electrolyte used in the device. 49, 93 The best charge mediator for most of the DSSCs is the iodide/triiodide redox couple. Unfortunately however, the iodine (and triiodide) reduction reaction is not reversible in several materials and its kinetics is solvent dependent. For instance, FTO glass is a very poor counter electrode and has a very high charge transfer resistance of more than 10 6 O cm 2 in a standard iodide/triiodide electrolyte, 98 and the electron-transfer kinetics for reduction of triiodide to iodide is very slow at the surface of ITO or FTO glass. Owing to high electrical conductivity, catalytic activity towards triiodide reduction, and high reflecting properties, platinum was first selected as the counter electrode material of DSSCs, and has been used since 1991. 39 Up to now, platinum has been the most preferred counter electrode active material for DSSCs. 48, 90, 97, 238, 239 In 1993, Nazeerudin et al. reported that a 10% light-toelectric conversion efficiency was obtained by using a CE consisting of a TCO glass onto which a 2 mm-thick Pt was deposited by sputtering. 240 The thick Pt film on the conducting glass also works as a mirror to reflect the light that has not been absorbed by the dye molecules resulting in improved light harvesting efficiency. Therefore, the counter electrode performed an added function, that of a reflecting mirror. Papageorgiou et al. prepared a nanosized Pt catalyst by spreading a small quantity of ca. 5 mmol L À1 H 2 PtCl 6 solution in isopropanol on the conductive surface of a TCO-coated glass substrate and heating at 385 1C for 10 min. 93 This thermal decomposition technology could produce electrochemically/chemically stable electrodes and provided superior mechanical endurance or robustness and good adherence to substrates. The very low platinum loadings (o3 mg cm À2 ) endowed the electrode low charge transfer resistances (o1 O cm 2 ) and rendered the electrode optically transparent and economical. Since then, the thermal decomposition of H 2 PtCl 6 has been widely applied as an effective method to prepare Pt CEs. 48 The frequently used counter electrode for DSSCs is Pt sputtered on FTO, which has a thickness of around 0.2-2 mm. Fang et al. investigated the influence of Pt film thickness on the performance of DSSCs. 241 It was found that the electric conductivity of the CE was enhanced with the thickness of the Pt film within a certain range. The charge transfer resistance at the electrolyte/CE interface did not change remarkably with the increase of Pt film thickness. The Pt film thickness had no significant influence on the performance of the DSSC. A thickness of 2 nm for the Pt film was enough to obtain good catalytic activity towards triiodide reduction.
Apart from sputter-coating, there are a lot of techniques to prepare nanoparticle Pt CEs, such as electrochemical deposition, thermal vapor deposition, spray pyrolysis, cyclic voltammetric deposition, electrochemical reduction, thermal decomposition, etc. [242] [243] [244] [245] [246] Dao et al. prepared Pt nanoparticles on a FTO glass substrate by controlling the heating rate of thermo-decomposition of Pt precursor molecules. 247 The heating rate was proved to be a sensitive parameter for morphology of Pt-NPs, the catalytic activity of Pt-NPs and subsequently the photovoltaic performance of DSSCs. The DSSCs based on the best Pt-NP CE (heating rate of 1.2 1C min À1 , charge-transfer resistance of 0.86 O cm 2 ) gave a PCE of 9.30%. Hauch et al. also obtained similar results. 98 Song et al. explored a urea-assisted homogeneous deposition ethylene glycol (HD-EG) method by combining in situ hydrolysis (HD) of urea and homogeneous reduction of ethylene glycol (EG), which resulted in good control over particle sizes and distribution of Pt NPs at the counter electrode along with better adhesion and negligible agglomeration. 248 The DSSC assembled with the CE by ureaassisted HD-EG achieved an impressive PCE of 9.34%, while the devices with the CEs prepared by EG reduction and thermal reduction produced PCEs of 8.66% and 7.99%, respectively.
Compared to the bulk Pt, Pt nanoparticles have excellent characteristic properties like high surface area, high transmittance, low charge transfer resistance, high electrical conductivity and corrosion resistance, better than any other noble metals. These key features made Pt an attractive CE material in DSSCs. 90, 249 3-D nanostructures with high surface areas add new functions to Pt CEs. These structures include multipods, nanowires, nanoflowers, nanotubes, etc. (some of them are shown in Fig. 15 ). 107, 113, [250] [251] [252] [253] [254] [255] [256] [257] [258] [259] [260] [261] For instance, Jeong et al. demonstrated a periodically arranged Pt nanocup (NC) array with a controllable diameter and pitch size by UV-based nanoimprint lithography (NIL). 250 A larger catalytic surface area by the nanocup structure induced more active electrochemical reduction due to a lower charge-transfer resistance (R CT ) at the CE/electrolyte interface. The DSSC based on the CE having the Pt NC array with a diameter of 300 nm at a 400 nm pitch size showed a PCE of 9.75%, while the DSSC with the planar Pt CE showed a PCE of 7.87%. The Wu group grew platinum nanotubes (PNTs) on FTO substrates by a facile polycarbonate template method. With PNTs as CE and MgO as the block layer on TiO 2 films, the fabricated DSSC achieved an efficiency of 9.05%, and the efficiency was increased by 25.5% compared to that of the DSSC with conventional Pt CE. 254 In a word, Pt is a preferred CE active material for DSSCs by virtue of its excellent conductivity and catalytic activities. The DSSCs with PCEs over 12% mostly use Pt as CEs. 223, [262] [263] [264] Even so, it also possesses some disadvantages to be overcome. (i) Although the amount of Pt for CEs to obtain the desired catalytic effect is very small, i.e., about 50 mg m À2 , and does not significantly contribute to the overall price per peakwatt, future large solar conversion systems producing electric power in the terawatt scale will prefer materials that are abundantly available. 265 After all, platinum is expensive (B$ 950 per Troy ounce at present) and scarce in nature. 90 (ii) There is some concern that Pt might not be stable over prolonged periods of time in the electrolyte containing I À /I 3 À redox couples as may undergo oxidation and dissolution forming PtI 4 or H 2 PtI 6 . 98, 246, 266 If only a tiny amount of Pt dissolves in the electrolyte, it would slowly redeposit on the TiO 2 layer and short-circuit the cell by catalyzing I 3 À reduction on the photoanode. 97, 266 (iii) Pt is not an effective CE active material for redox couples such as cobalt-complexes, T 2 /T À , and polysulfide electrolytes used in DSSCs 91, 150, 223, 261, 262 owing to the energy match between counter electrodes and electrolytes (Fig. 5 ). Especially, Pt electrodes used in Co-mediated electrolytes sparked off a large dispute for the Co 3+ /Co 2+ redox couple containing various ligands such as bipyridine, terpyridine and phenanthroline. [267] [268] [269] The future studies on Pt CEs should focus on the development of new methods and Pt-based hybrid CEs to reduce Pt dosage. Fortunately, there are many other candidates that can be used as CE active materials in DSSCs.
Other metal counter electrodes
Ruthenium (Ru) is a noble metal in the platinum group that is less expensive than Pt, and has low resistivity as well as a high work function. Moreover, it has excellent heat conductivity and chemically stable properties. 270 In addition, Ru can be fabricated by atomic layer deposition (ALD), which is a relatively simple and low temperature process. 271 Noh et al. deposited a Ru film on FTO glass by atomic layer deposition (ALD). 272 It was found that the catalytic activity and charge transfer resistance values of Ru CEs hinge on their thickness and have different change trends from the Pt CEs. Han et al. optimized the thickness of the Ru layer and obtained a PCE of 3.40%. 273 Palladium (Pd) has similar properties as the metal Ru. Noh et al. also used similar methods to investigate the palladium (Pd) CEs and similar results were obtained. 274 The DSSC based on the Pd CE achieved a PCE of 4.32%, although the Pd film was not deposited firmly compared to Ru films.
Ru is an attractive material for the counter electrode of DSSCs due to its high electrical conductivity, high electrocatalytic activity, and excellent electrochemical stability over a wide potential range. 275, 276 An et al. synthesized Ru nanofibers by a sequential process of electrospinning, post-calcination, and hydrogen reduction. 277 The Ru nanofibers exhibited rough surfaces consisting of nano-sized grains and a unique network nanoarchitecture as shown in Fig. 16 . DSSCs fabricated with Ru nanofibers as CEs showed improved photovoltaic performance, including a low R CT value (12.5 O cm À2 ), a high J SC value (14.77 mA cm À2 ), and a high PCE (6.23%), while the DSSC with commercial Pt CE showed a PCE of 6.04%. An et al. 277 asserted the improvement of photovoltaic performance by the Ru nanofibers as due to the following reasons: (i) the rough surfaces consisting of nano-sized grains result in a great deal of active sites, (ii) the metallic Ru phase shows high electrical conductivity and electrocatalytic activity and (iii) the unique network structure allows rapid electron transfer and electrolyte diffusion. [278] [279] [280] [281] Iridium (Ir) has attracted much attention because of its lower resistivity (4.7 Â 10 À8 O m) and lower cost ($ 540 per oz t, in 2015) than Pt (10.6 Â 10 À8 O m and $ 1200 per oz t, in 2015) yet similar electrocatalytic activity. 282 Noh et al. prepared Ir CEs by the thermal evaporation technique and obtained a PCE of 5.19% for the DSSC. 282 Mokurala et al. deposited Ir films on a FTO substrate by radio-frequency (RF) sputtering at room temperature. 283 The PCE of the device fabricated with Ir-based CE was 7.2%, which was comparable to the Pt-based CE.
Gold (Au) has higher conductivity (4.3 Â 10 5 S cm À1 ) than Pt (0.9 Â 10 5 S cm À1 ). Au is catalytic and has an excellent corrosion resistance. 284 A transparent conductive Au/a-IZO (amorphous indium zinc oxide) bilayer with a very high conductivity of 1.2 Â 10 5 S cm À1 and a mobility of 65.6 cm 2 V À1 s À1 was prepared at room temperature by Sun et al. 285 The DSSC with the Au/a-IZO CE exhibited good photovoltaic parameters: V OC = 0.64 V, J SC = 9.83 mA cm À2 , FF = 0.59, PCE = 3.73%. Titanium (Ti) is a silvery-white metal and possesses superior strength and durability. Ti is the most stable and resistant to corrosion due to the formation of a natural passivating oxide on its surface. Although the resistivity of Ti (42 Â 10 À8 O m) is higher than that of Al or Pt (2.65 Â 10 À8 O m and 10.6 Â 10 À8 O m, respectively), the catalytic properties of the Ti bilayer with Pt-group metals have attracted attention. Rahman et al. fabricated a porous Ti/dense Ti/Al/glass composite CE for DSSCs by a DC magnetron sputtering process. 286 The dense Ti layer was used as a protective layer against corrosion of the Al layer. The solution treatment roughened the surface of the porous Ti layer, which resulted in the improvement of the photovoltaic performance of the DSSC.
Noh and Song prepared a Ti/Ru bilayer on FTO glass by RF sputtering techniques as CE in DSSCs. 287 The bilayer electrode with 50 nm-Ti/50 nm-Ru was an intermetallic phase of TiRu, which reduced interface resistance and enhanced the catalytic activity of the CEs. The PCE of the DSSC with the Ti/Ru bilayer CE was 2.40%, and the increase in efficiency was 1.48 times that of the device with a 100 nm Ru only CE. Using similar methods, Noh and Song prepared many bilayer CEs by RF sputtering techniques, including Al/Ru, 288 Au/Pt, 284 Cu/Pt, 289 etc. The PCE of the device with Al/Ru bilayer CE was 2.36%. The increase in efficiency was 1.46 times that of the device with a 100 nm Ru CE. 288 The PCEs of the DSSCs with Pt only and Au/Pt bilayer counter electrodes were 4.60% and 5.28%, respectively. 284 And the PCEs of the DSSCs with only Pt and Cu/Pt bilayer CEs were 4.60% and 5.72%, respectively. 289 Silver (Ag) is a soft, white, lustrous transition metal and it exhibits the highest electrical conductivity, thermal conductivity and reflectivity of any metal. Ag shows high corrosion resistance and stability in pure air and water and is therefore used as a CE material in DSSCs. In solid-state DSSCs, noble metal electrodes such as Au and Ag are as important as Pt catalysts in liquid DSSCs. [290] [291] [292] Henry et al. investigated Ag and Au as CEs in solid-state DSSCs. 290 By replacing dissipative Au electrodes with reflective Ag electrodes, the light absorption of the device was enhanced, and a PCE of 5.1% was achieved under irradiation of high-intensity simulated sunlight. Silver nanowire (Ag NW) mesh electrodes are often used in various electrochemical devices and DSSCs. [293] [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] Al-Mamun et al. 293 compared four types of CEs (Pt, AgNW, GNP (graphene nanoplatelets) and AgNW-GNP) for Co 3+ /Co 2+ redox mediator based DSSCs. Both AgNW and GNP showed inferior catalytic activity for the Co 3+ /Co 2+ redox couple. However, AgNW-GNP exhibited a synergistic enhancement of electrocatalytic activity for the cobalt redox couple. Owing to the lower R CT , the AgNW-GNP based DSSC showed a comparable PCE to that of the Pt based device in spite of the higher resistance of electrolyte diffusion. Margulis et al. 294 developed a solution-processed, highly transparent, conductive electrode based on PEDOT:PSS and spraydeposited Ag NWs as an effective top contact for DSSCs. The role of PEDOT:PSS is twofold: it ensures ohmic contact between the hole transport overlayer and the Ag NWs and it decreases the series resistance of the device. The ssDSSC with D35 dye and Ag NW/PEDOT:PSS electrode showed a PCE of 3.6%, nearly as high as that of a reference device using an evaporated silver electrode (3.7%).
Alloy counter electrodes
An alloy is a mixture of metals or a mixture of a metal and another element. Alloys are defined by the metallic bonding character. An alloy may be a solid solution of metal elements (a single phase) or a mixture of metallic phases (two or more solutions). Alloys are used in a wide variety of applications. In some cases, a combination of metals may reduce the overall cost of the material while preserving important properties. In other cases, the combination of metals endows synergistic effects for the alloy materials. These two objectives should be focused on for the alloy counter electrodes used in DSSCs. Aiming at reducing the cost of CEs and enhancing the performance of the DSSC devices, many alloy CEs have been researched, including Fig. 17 ) and used it as the photocathode for DSSCs in 2009. The Ni 0.94 Pt 0.06 film consisted of nanoparticles with a size of 4-6 nm and a Pt loading of 5.13 mg cm À2 . The Ni 0.94 Pt 0.06 photocathode exhibited high catalytic activity for triiodide reduction, high light reflectance, and low charge-transfer resistance. The DSSC based on the Ni 0.94 Pt 0.06 photocathode gave a PCE of 8.21%, which is higher than that of the DSSC with a pure Pt photocathode obtained by thermal decomposition, indicating that the Ni 0.94 Pt 0.06 alloy electrode is a low-cost and high-performance photocathode for use in DSSCs. The basic idea is quite simple: alloying with inexpensive Ni might not only reduce the required amount of Pt metals but also facilitate the electron transfer between the CEs and the redox pairs. 98, 322 Wan et al. obtained a PCE of 9.15% with Pt 3 Ni CE, displaying an evident improvement compared with the conventional pure Pt (8.33%). 306 The cell stability is also obviously increased with the Pt 3 Ni counter electrode.
The Tang group systematically investigated the alloy CEs used in DSSCs and has published a lot of papers in this field. 210, 239, 304, 305, 309, 310, 315, 316, 323 By using an electrochemical codeposition technique, He et al. synthesized CoPt 0.02 alloys and used them as CEs for DSSCs. 304 Owing to the rapid charge transfer, electrical conduction, and electrocatalysis, the DSSC with CoPt 0.02 alloy CE achieved an impressive PCE of 10.23% in comparison to 6.52% from pure Pt CE. The high conversion efficiency, low cost, simple preparation, and scalability demonstrate the potential application of CoPt alloy CEs in DSSCs. To reduce the cost of DSSC devices, one way as mentioned above is to reduce the dosage of Pt in CEs. Another way is to use Pt-free alloy CEs. Using a mild hydrothermal treatment and without any surfactant or template, Chen et al. prepared a binary Co-Ni alloy and used it as CE material in DSSCs. 324 The CoNi 0.25 alloy CE has an optimal charge-transfer ability and electrocatalytic activity towards triiodide reduction. The DSSC with a CoNi 0.25 alloy CE exhibited a PCE of 8.39% in comparison to 6.96% for a device based on a pure Pt CE. The profound advantages along with low cost, mild synthesis, and scalable materials promise the Pt-free binary alloy CEs to be strong candidates in robust DSSCs.
Yang et al. electrodeposited Ni on ZnO microrod templates and subsequently grew branched Cu, followed by galvanic displacement of outward Ni and Cu by H 2 PtCl 6 , which produced a ternary alloy CE, NiCuPt. The resultant NiCuPt alloy CE displayed superior electrocatalytic activity and charge-transfer ability, arising from good matching of work function to redox potential of the liquid electrolyte. An impressive PCE of 9.66% was obtained for the liquid-junction DSSC device. 320 
Carbon counter electrodes
Carbon is found almost everywhere and it is one of the most abundant materials on earth. It is a versatile atom capable of joining with other atoms in sp, sp 2 , and sp 3 hybridized structures giving rise to millions of stable molecules. In its single element form, carbon has basically 8 allotropes (shown in Fig. 18 ), 325, 326 namely, (i) diamond, (ii) graphite, (iii) lonsdaleite, (iv) C 60 (buckminister fullerene or bucky ball), (v) C 540 , (vi) C 70 , (vii) amorphous carbon, and (viii) carbon nanotubes (CNTs; buckytube). Carbon has been the subject of intense interest of researchers for decades. Ever since the discovery of fullerene in 1985 by Kroto et al., 327 many new allotropes of carbon have been discovered. Among them, CNTs were first discovered in the year 1991 by Iijima; 328 graphene is a single layer of carbon atoms arranged in a honey comb lattice, discovered in the year 2004 by Novoselov et al. 329 They were rewarded with Nobel Prize in physics in the year 2010, 329 which showed the importance of carbon nanomaterials. All these discoveries led to growing interest of many scientists in almost all the major fields of science, including chemistry, physics, biology, electronics, and medical sciences.
Carbon materials are quite attractive candidates as CE materials in DSSCs for the replacement of conventional and expensive Pt materials on account of their advantages such as low cost, high surface area, high catalytic activity, high electrical conductivity, high thermal stability, good corrosion resistance towards iodine, high reactivity for triiodide reduction, etc. Several carbonaceous materials such as graphene, carbon nanotubes, carbon nanofibers, activated carbon, graphite, and carbon black have been successfully employed as counter electrodes. 91,330-335
Carbon black nanoparticles
In 1996, the Gratzel group first explored a graphitic-carbon black mixture as CE material and obtained a PCE of 6.67% on a series of connected photovoltaic module. 266 The functionalized graphite served to enhance electronic conductivity while the high-surface area carbon black increased the catalytic activity towards triiodide reduction. They also showed that the efficiency remained fairly constant over 100 days of light fluctuation of xenon lamp, which was equivalent to 2 years outdoor equivalent in middle Europe. 266, 332 Although this type of CE resulted in 30% lowering of PCE compared to the Pt CE, it opened up a new research direction for developing low-cost Pt-free CEs. Thereafter, intensive research efforts have been focused on carbon materials.
Carbon black is a material produced by the incomplete combustion of heavy petroleum products. Carbon black nanoparticles are nanometer-sized spherical structures of carbon with an amorphous quasi-graphitic molecular structure. Most types of carbon black have parallel graphitic layers, ordered groups on the surface and a high surface-area-to-volume ratio, albeit lower than that of activated carbon. Carbon black is mainly used as reinforcing filler in tires and other rubber products. In plastics, paints, and inks, carbon black is used as a color pigment. All carbon blacks have chemisorbed oxygen complexes (carboxylic, quinonic, lactonic, phenolic groups and others) on their surfaces, varying on the basis of the production conditions. Carbon black has high electrocatalytic activity and electrical conductivity and has been known as a good candidate for CEs. 266, 336 When carbon black is used as CE, its particle morphology and surface state (including size, surface area, porosity, crystallinity, thickness, shape, purity) as well as preparation conditions play a key role.
In general, the CE thickness should be below tens of microns. Murakami et al. investigated the influence of the thickness of carbon black as the CE on the electrochemical properties of DSSCs. 265 It was found that the large surface area of the carbon black resulted in a low R CT of about 2.96 O cm 2 . With the increase of the thickness of carbon black, chargetransfer resistance of the CE decreases, and above tens of microns, the PCE became one-third of conventional Pt. A thickness of 14.47 mm of carbon black as the CE achieved a high PCE of 9.1% for the DSSC. This is a higher PCE for the DSSCs using conventional carbon CEs.
Wu et al. investigated the effect of preparation conditions of CB. 337 In their study, poly(vinylidene fluoride) (PVDF) was used as a binder to regulate the viscosity of the CB paste to facilitate the doctor blade process and the PVDF was then removed via thermal treatment. It was found that, after the heat treatment, all CB films had a mesoporous structure and the film thickness increased with increasing CB concentration. The CB films heated at 350 1C had low electrochemical activity, high charge transfer resistance, and poor performance when utilized in DSSCs, owing to the presence of residual PVDF. However, when heated at 450 1C, PVDF was completely removed and the resultant CB films had electrochemical properties similar to those of a Pt film. The DSSCs with the CB CE achieved a PCE of 8.35%, comparable to the device with Pt (8.29%).
Kim et al. investigated the influence of particle size and thickness of the CB porous layer as a CE on the electrochemical properties of DSSCs. 338 The CB layer was coated on FTO glass by a spray coating method at 120 1C. The CB particle size varied from 20 nm to 90 nm (Fig. 19a ) and the CB electrode thickness was controlled from 1 to 9 mm by controlling the spraying time. As the CB particle size was decreased, the catalytic activity was improved because of the increase in the surface area and the conductivity of the CB layer. Increased CB electrode thickness also improved the catalytic activity and led to the low charge transfer resistance at the electrolyte/CB electrode interface. The CB counter electrode with a particle size of 20 nm and a thickness of 9 mm for DSSCs showed a PCE of 7.2% with a FF of 0.656, which was similar to the Pt CE with an efficiency of 7.6% and a FF of 0.658.
Liu et al. researched the CB CE used in the DSSCs employing Co(bpy) 3 3+/2+ as the redox couple. 339 The results indicated that the electrochemical behavior of CB CE was dominated by the heat treatment and the amount of CB loaded. The electrocatalytic activity of a well-prepared CB film was superior to that of conventional sputtered Pt. A Z907-sensitized solar cell with this CB CE showed a PCE of 7.21%, while the device with conventional Pt CE showed a PCE of 7.10%. An Y123-sensitized solar cell using Co(bpy) 3 3+/2+ as the redox couple and equipped with this CB CE achieved an exceptional efficiency of 8.81% without any significant mass transport limitations. Zhang et al. used CB as a supporter to make composite CEs of CB/polypyrrole (PPy), CB/polyaniline (PANI), and CB/PEDOT for the T 2 /T À redox couple. 340 The corresponding DSSCs achieved PCE values of 5.2% (CB/PPy), 5.2% (CB/PANI), and 7.6% (CB/PEDOT), much higher than those of the DSSCs with PPy, PANI, PEDOT, and CB CEs. From the foregoing, the thickness, particle size, preparation condition, and electrolyte compositions can affect the electrochemical properties of CB and the photovoltaic performance of the corresponding DSSCs through various mechanisms. CB nanoparticles are comparatively less expensive than other nanostructures and exhibit excellent catalytic ability. However, they are reported to be carcinogenic and cause health issues. 341 
Carbon nanofibers
As another carbon nanostructure, carbon nanofibers (CNFs) have been employed in DSSCs. Carbon nanofibers (CNFs) are one-dimensional fibrous structures with diameters ranging from a few nanometers to a few micrometers and lengths up to several centimeters. 342, 343 Carbon fibers can be described as sp 2 hybridization-based linear filaments. 325 They come under the category of multiwalled nanotubes, but they are discontinuous and highly graphitic. Carbon nanofibers are cylindrical nanostructures with graphene layers stacked as cones, cups or plates. 344, 345 Carbon nanofibers with graphene layers wrapped into perfect cylinders are called carbon nanotubes (CNTs). The diameter of carbon nanofibers is comparatively larger than that of CNTs, and the walls of carbon nanofibers are thicker than those of CNTs. Carbon nanofibers are generally produced by chemical vapor deposition or pyrolysis of electrospun fibers from organic precursors, like polyacrylonitrile (PAN). 342 Carbon fibers are applied in various sports accessories, because they are one of the strongest but lightest and most flexible materials. 346 Carbon fiber is also used as a composite reinforcing material and as micro-electrodes.
Joshi et al. studied electrospun carbon nanofibers (ECNs) as CEs for DSSCs. 347 Carbon nanofibers were made by electrospinning PAN nanofibers, which were carbonized at 1200 1C in argon. ECNs were converted into paste by adding polyoxyethylene tridecylether (POETE), as a binder, then ground and sonicated. The resulting paste was then doctor bladed onto a FTO substrate followed by sintering at 200 1C for 15 min and 475 1C for 10 min. The ECNs were relatively uniform with an average diameter of B250 nm and tens of microns long. The ECN CEs exhibited low charge-transfer resistance and fast reaction rates for triiodide reduction. The ECN-based DSSC achieved a PCE of 5.5%.
Carbon nanofibers (CNFs) with antler and herringbone structures were studied as CEs used in DSSCs by Veerappan et al. 348 The doctor bladed CNFs-CE has a faster triiodide reduction rate and a lower charge transfer resistance (R CT ) of B0.5 O cm 2 than Pt (B2.3 O cm 2 ) due to the nanofiber stacking morphology. Its herringbone and antler structures with graphitic layers lead to defect-rich edge planes and the larger diameter of CNFs facilitates the electron transfer kinetics. The DSSCs with the CNF CE showed a promising PCE of 7.0% for the glass based devices and 5.0% for the flexible cells with the quasisolid state electrolyte, which is similar to the performance of the device with Pt CE.
By using concentric electrospinning and thermal techniques, the Lee group synthesized activated carbon nanofibers with a hollow core/highly mesoporous shell structure ( Fig. 19b ) (Meso-HACNF). 349 The core and shell diameters were approximately 200-360 nm with a total surface area of 1191 m 2 g À1 . The DSSC with HACNF CE achieved a PCE of 7.21%, which was comparable to that of the device based on Pt CE (7.69%). The authors attributed the high catalytic activity to the high surface area and the 1-D conducting pathway of HACNF.
A Pt/CF film with 1.0 wt% Pt loading was synthesized and used as the CE in DSSCs by Guo et al. 350 The Pt/CF CE had R CT and R S of 1.60 O cm 2 and 11.65 O cm 2 , similar to the Pt CE of 1.32 O cm 2 and 11.52 O cm 2 in the Co 3+/2+ electrolyte system, indicating that Pt/CF and Pt CEs have similar electrocatalytic activities. The DSSC based on this Pt/CF CE (containing 1.0 wt% Pt) in the liquid Co 3+/2+ electrolyte system achieved a PCE of 8.97%, which was comparable to the device based on Pt CE (9.41%). This research provides a feasible route to reduce the dosage of Pt in DSSCs without sacrificing the catalytic activity.
Carbon nanofibers have larger dimensions compared to carbon nanotubes, carbon nanoparticles, etc. 265, 332, 347 This limits the effective surface area, and as a result, a higher thickness is required. A thicker layer of carbon nanofibers contributes to bulk resistance and Nernst diffusion impedance which limits the performance of the devices. 347, 348 This is a shortcoming of these cost-effective carbon nanofibers.
Carbon nanotubes
Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. Nanotubes are members of the fullerene structural family. Their name is derived from their long, hollow structure with the walls formed by one-atom-thick sheets of carbon, i.e., graphene. Nanotubes may contain one or more concentric shells of graphene sheets, called singlewalled (SWCNT) or multi-walled carbon nanotubes (MWCNT), and may have open or closed ends. Typical diameters of SWCNTs and MWCNTs are 0.8-2 nm and 5-20 nm, respectively. The length of nanotubes can vary from less than 100 nm to a few centimeters. Owing to the material's exceptional strength and stiffness, nanotubes have been constructed with a lengthto-diameter ratio of up to 132 000 000 : 1, 351 significantly larger than any other material. CNTs have extraordinary electrical conductivity, thermal conductivity and mechanical strength, 352, 353 which are valuable for nanotechnology, electronics, optics and other fields of materials science and technology.
In 2003, Suzuki et al. firstly used SWCNTs as CE in DSSCs, and achieved a PCE of 4.5%, which was comparable to the cell based on Pt-sputtered CE under the same condition. 354 Lee et al. prepared MWCNTs as CEs in DSSCs. 355 Defect-rich edge planes of bamboolike-structure MWCNTs facilitate the electron-transfer at the CE/electrolyte interface, resulting in low charge-transfer resistance and an improved FF. The stability test confirmed the robustness of MWCNT-based DSSCs; the DSSC with the MWCNT CE achieved a PCE of 7.7%. 355 The Ouyang group compared the SWCNTs or MWCNTs as CE materials in DSSCs. 332, 356 In their experiments, SWCNTs or MWCNTs were mixed with poly(ethylene glycol) (PEG), and then ground in a mortar, sonicated and centrifuged. The resultant paste was doctor bladed into FTO substrates. Then the binder PEG was removed by heating. These binder-free CNT films were rough and exhibited good adhesion to substrates. For comparison, they prepared CNT-based CEs with a thickness of 10 mm by using (carboxymethyl)-cellulose (CMC) sodium salt as binder. The binder based devices showed lower efficiencies than the binderfree devices due to the high series resistance of the insulating binder and the reduced surface area by binder covering. The SWCNT based DSSC showed lower charge transfer resistance (R CT = 0.6 O cm 2 ) and slightly higher efficiency (PCE = 7.81%) than the MWCNT-based device (R CT = 0.75 O cm 2 , PCE = 7.63%).
The lower R CT and higher efficiency were caused by a larger surface area in SWCNT. Also the SWCNT devices showed better stability than MWCNT cells. After four weeks, the efficiency of DSSCs increased from 7.81% to 8.17% for SWCNT devices, but decreased from 7.63% to 6.63% for MWCNT-based cells.
Ma et al. synthesized 3-dimensional SWCNT/graphene aerogel by the spin-coating method and used it as the CE material in DSSCs. 357 The DSSC based on the 3-D CE achieved an excellent PCE of 8.31%, while the device based on conventional Pt CE achieved a PCE of 7.56%. Interestingly, PCE increased to 9.64% under the assistance of a mirror. The excellent performance of DSSCs can be attributed to the high electrical conductivity and good electrocatalytic activity induced by the SWCNTs and the excellent catalytic properties of graphene, coupled with the 3D structure with a larger surface area and good surface hydrophilicity for increased electrolyte-electrode interactions and electrolyte/reactant diffusion.
Nam et al. successfully prepared CNTs on FTO glass for use as CEs in DSSCs by two different methods. 118 In one method, randomly dispersed MWCNT paste was screen-printed. In the other method, relatively well-aligned CNTs were directly grown by catalytic chemical vapor deposition (Fig. 19c ). The DSSC with the deposited CNT CE achieved a PCE of 10.04%, which was higher than that of the DSSCs with printed CNT CE (PCE = 8.03%) and Pt-coated CE (PCE = 8.80%) under the same experimental conditions. It was thought that the large surface area and high electron conductivity of CNTs contributed to the high DSSC efficiency.
Though carbon nanotubes show excellent conductivity and catalytic property, their current production cost compared to other carbon nanostructures is very high. 332, 352 This may stimulate researchers to use low cost carbon black nanoparticles.
Graphene
Graphene is formed out of a flat monolayer of carbon atoms which are densely packed in a honeycomb lattice in 2-dimensions. 358 Graphene is an allotrope of carbon in the form of an atomic-scale, hexagonal lattice in which one atom forms each vertex. The carbon atoms are sp 2 hybridized with a C-C bond length of 1.42 Å. 359 Graphene is the basic structural element of other allotropes, including graphite, charcoal, carbon nanotubes and fullerenes. Graphene is best known for its outstanding electrical, thermal, optical, and mechanical properties. 335, [360] [361] [362] [363] [364] As the thinnest material, graphene possesses many unusual properties, like high carrier mobility (B10 000 cm 2 V À1 s À1 ), 329, [365] [366] [367] high specific area (2630 m 2 g À1 ), 368, 369 excellent thermal conductivity (B3000 W m À1 K À1 ), 370 high Young's modulus (B1 TPa), 360 and high optical transparency (97.7%). 371 In addition, it has been proved that the catalytic activity is enhanced by introducing oxygen species; also structural defects have the same effect on the catalytic activity. 372 Owing to such characteristics, it is no surprise that graphene materials were quickly applied in DSSCs. Among the carbon materials, CNTs and graphene are always hotter research topics than the other carbon materials.
In 2008, Xu et al. first studied graphene materials as CEs in DSSCs. 373 Although the CRGO (chemically reduced graphene oxide) film as CE worked better in the DSSC (PCE = 2.2%) than did the bare FTO (PCE = 0.05%), it was obvious that many improvements should be done to reach the efficiency of the conventional Pt electrode (PCE = 4.0%). Roy-Mayhew et al. prepared a porous network of TRGO (thermally reduced graphene oxide) film by spin-coating a polymer-TRGO composite and thermalizing the polymer binder. 374 The functionalized graphene sheets with oxygen-containing sites performed comparably to Pt (TRGO, R CT = 9.4 O cm 2 , PCE = 5.0%; Pt, R CT = 1.3 O cm 2 , PCE = 5.5%). The results showed that the functional groups and defects could be tuned by increasing the amount of oxygen-containing groups, which led to the improvement of the catalytic activity of electrodes.
In order to increase the surface area and porosity, Zheng et al. ground CRGO in poly(ethylene glycol) and then heat treated, which led to the films with larger pores (B1 nm) and DSSCs with higher efficiencies (PCE = 7.2%) compared to those created from ultrasonicated CRGO in the polymer (PCE = 5.2%). 375 However, the PCE was still lower than that of the DSSC with Pt CEs (PCE = 7.8%). In order to increase the intrinsic activity of the electrodes, Yu et al. prepared N-and P-dual-doped graphene (NPG) via a ball-milling process, followed by thermal annealing utilizing C 3 H 6 N 6 and (C 6 H 5 ) 3 P as the N and P source. 376 The metal-free material exhibits excellent electrocatalytic activity towards I 3 À /I À redox reaction. Dual-doping of N and P heteroatoms can markedly enhance the photovoltaic performance of DSSCs by a synergistic effect and a PCE of 8.57% was achieved, which was superior to that of Pt CE (7.58%), and much higher than that of the single N-or P-doped graphene electrodes.
Interestingly, Wang et al. developed a three-dimension honeycomblike structured graphene (Fig. 19d ) by a simple reaction between Li 2 O and CO. 377 The graphene sheets showed superior catalytic performance, and the DSSC based on this honeycomb-like structured graphene CE achieved a PCE of 7.8%. As shown in Fig. 20 , Jeon et al. prepared edge-selectively halogenated graphene nanoplatelets (XGnPs, X = Cl, Br, and I) by the mechanochemically driven reaction between graphite and diatomic halogen molecules (Cl 2 , Br 2 or I 2 ). 378 The contents of halogens (Cl, Br, and I) in XGnPs were 3.18, 1.77, and 0.66 at%, respectively. The XGnPs CEs showed excellent electrochemical stability and electrocatalytic activities toward Co(bpy) 3 3+ reduction.
Amongst XGnPs, IGnP-CE showed the lowest R CT of 0.46 O cm 2 . This value is much lower than that of the Pt-CE (0.81 O cm 2 ). Furthermore, the DSSC with IGnP-CE had the highest fill factor of 0.713 and a PCE of 10.31%, while those of DSSCs with Pt-CE were only 0.706 and 9.92%, respectively. Wang and Gratzel prepared a graphene CE using layer-by-layer assembly of negatively charged graphene oxide and positively charged poly(diallyldimethylammonium chloride), and a following electrochemical reduction procedure. 238, 379 The DSSCs using the graphene CE combined with the heteroleptic Ru complex C106TBA as sensitizer produced a high PCE of 9.54%, surpassing the DSSCs using Pt CE (9.14%).
Pt is known as the best catalyst for the regeneration of the I 3 À /I À electrolyte. However, a number of recent studies show that a carbonaceous type catalyst outperforms Pt with the cobalt redox electrolyte, due to low CT resistance at the counter electrode. 380 graphene nanoplatelets (GNP) as CE. 382 A PCE of 9.60% was obtained, and the photovoltage of the DSSC with Co-based electrolyte was higher than that with I 3 À /I À electrolyte. Applying Au + GNP as a CE, a PCE of 10.65% was achieved and the R CT value was lower than that of the Pt electrode. Mathew et al. used graphene as CE, SM315 as photosensitizer and cobalt(II/III) as redox shuttle, which resulted in a DSSC with a high V OC of 0.91 V, a J SC of 18.1 mA cm À2 , a FF of 0.78 and a PCE of 13%. 383 The Hanaya group used the I 3 À /I À electrolyte, the conventional Pt CE, and the co-photosensitizer alkoxysilylanchor dye ADEKA-1 and carboxy-anchor organic dye LEG4, and this DSSC achieved a PCE of 11.2%. 223 In order to enhance photovoltage, an optimal [Co(phen) 3 ] 3+/2+ electrolyte was used, which resulted in a high V OC of over 1 V and a PCE of 13.8%. But a decrease of J SC was also observed compared to the I 3 À /I À electrolyte system. In order to recover the J SC , according to some research studies, [380] [381] [382] [383] an Au + GNP CE was used, 223 which succeeded in obtaining a high IPCE of up to 91%, a V OC of greater than 1 V and the highest record PCE of 14.3%. Graphene exhibits a promising capability of replacing platinum in the counter electrode of DSSCs; however, its commercial production at low cost is currently not possible. Further, conventional methods of graphene synthesis involve highly toxic chemicals. 332 
Other carbon materials
Mesoporous carbon materials have received wide attention, due to their large internal surface area, pore volume, and tunable and narrow pore diameter. Using large porous silica LPS as templates, Srinivasu et al. synthesized large porous carbon (LPC) with hexagonal rod-like morphology and ordered pore structure and utilized it as the CE of DSSCs. 90, 384 The nitrogen adsorption data indicated that an LPC possesses a BET specific surface area of 1300 m 2 g À1 and a pore diameter of 4.4 nm. Owing to the high surface area, the DSSC with the LPC CE achieved a high PCE of 7.1%.
Graphite is often used as conductive films, for its excellent intrinsic conductivity. Li et al. prepared graphite nanofiber (GNF), graphite nanosheet (GNS), and graphite nanoball (GNB) and used them as the CEs of DSSCs. 385 Compared to GNF and GNS, GNB not only provided more defects in the sp 2 plane but also possessed abundant hydroxyl functional groups as the electrocatalytic active sites for triiodide reduction; thereby, the intrinsic heterogeneous rate and effective catalytic surface area of GNB-based CE are both higher than those of GNF-based and GNS-based CEs. The DSSC with GNB CE showed a PCE of 7.88%, which was close to that of the device with Pt CE (PCE = 8.38%), while GNF-based and GNS-based DSSCs showed PCEs of 3.60% and 2.99%, respectively.
The porous expanded graphite (EG) obtained from graphite has a higher specific surface area and better conductivity. Pencil-lead is one kind of carbon. Wei et al. prepared carbon CEs for DSSCs by coating the mixed paste of expanded graphite (EG) and 5B pencil-lead carbon on FTO and then heating at 450 1C for one hour. 386 By optimizing the weight ratio of EG/5B pencil-lead to 1 : 1 in the CE carbon layer, the PCE of the DSSC reached 7.67% under irradiation of green light (525 nm, LED) with an intensity of 25 W m À2 .
The Ma group did comprehensive research on nine kinds of carbon materials, including activated carbon (Ca), carbon black (CB), conductive carbon (CC), carbon dye (Cd), carbon fiber (Cf), discarded toner of a printer (Cp), well-ordered mesoporous carbon (Com), carbon nanotube (CNT), and fullerene (C 60 ). 387 The photovoltaic results indicated that Com and Cd showed high catalytic activity, and the DSSCs gave a high PCE of 7.5%, which was comparable to the performance of Pt. The other carbon materials (Ca, CB, CC, Cf, and CNTs) showed decent catalytic activity, and the PCE values of the DSSCs ranged from 6.3% to 7.0%.
Lee et al. fabricated an all carbon CE for DSSCs by replacing the conventional thin Pt layer and FTO substrate with a largesurface-area polyaromatic hydrocarbon (LPAH) film and a graphite film. 91, 388 The LPAH particles have a uniform size of B10 nm, a more than 3-fold higher specific surface area, and 45% enhanced pore diameters compared with CB particles. The internal resistance of the cell was substantially reduced and the cell efficiency reached 8.63%, which was a 20.7% improvement compared to the case of Pt/FTO CE based DSSCs. Kumar et al. prepared graphitic carbon by the carbonization of sucrose and used it as CE in DSSCs. 389 The graphitic carbon from sucrose showed a faster reduction rate of I 3 À , compared with Pt CE. The DSSCs based on the graphitic carbon exhibited a high PCE of 9.96% and a FF of 0.72, which are higher than the PCE of 9.39% and FF of 0.67 of the cells with Pt CE. The photovoltaic parameters of high-performance DSSCs based on carbon CEs are summarized in Table 2 . The carbon materials demonstrate high catalytic activity, simple preparation, low cost, considerable stability, and are one of the most competitive candidates among Pt-free CE materials. However, most of the performances of DSSCs based on carbon CEs are slightly lower than those assembled with Pt CEs, which may come from various resistances associated with carbon CEs, such as contact resistance to the TCO substrate, bulk resistance through the thicker carbon CE, and diffusion resistance in the pores of CE. On the other hand, carbon CE requires a large dosage to attain the targeted catalytic activity, and suffers from poor adhesion to the substrate.
Polymer counter electrodes
Conductive polymers or, more precisely, intrinsic conducting polymers were discovered in 1977, 390, 391 and are the fourth generation of polymers and have been developed from laboratory materials to mature industrial products. 392 Furthermore, the fundamental discovery of intrinsic conducting polymers was honored by a Nobel Prize won by Shirakawa, MacDiarmid, and Heeger in 2000. 393 Conductive polymers are organic polymers that conduct electricity. Such compounds may have metallic conductivity or can be semiconductors. The electrical properties can be fine-tuned using the methods of organic synthesis and by advanced dispersion techniques. One important advantage of conductive polymers is their processability, mainly by dispersion. 394 Most conductive polymers are derivatives of polyacetylene, polyaniline, polypyrrole or polythiophenes. The molecular structure feature (Fig. 21 ) of these polymers is conjugated double bonds for conduction.
Conductive polymers are potential candidates used as Pt-free CE materials in DSSCs due to their facile synthesis, porous structure, electrical conductivity, low cost, abundance, and favorable catalytic properties. 91, 148, 333, 395 
Poly(3,4-ethylenedioxythiophene)
In the 1980s, a new polythiophene derivative, poly(3,4-ethylenedioxythiophene) (PEDOT), was invented at the Bayer Lab. 396, 397 The molecular structure of PEDOT is shown in Fig. 21 . Although PEDOT is an insoluble polymer, it exhibited excellent conductivity (300-500 S cm À1 ), 393, 398 which is much higher than that of polyaniline, polypyrrole, and polythiophene. Furthermore, its solubility issue was subsequently solved by doping with poly(styrene sulfonate) (PSS). 399 Because of its high conductivity, excellent transparency in visible light, and remarkable stability, PEDOT is a promising material for antistatic, electronic, and optoelectronic applications. 400, 401 The water-soluble and easy processing PEDOT:PSS has become the industry leader in transparent conductive polymers. 402 Recently, it was reported that the conductivity of PEDOT:PSS reached more than 4600 S cm À1 . 403 In 1998, Yohannes and Inganas fabricated an all-solid-state photoelectrochemical cell consisting of poly[3-(4-octylphenyl)thiophene] (POPT) coated on ITO as the working electrode, amorphous poly(ethylene oxide) (POMOE) complexed with triiodide/ iodide redox couple as the solid electrolyte, and electrochemically polymerized PEDOT on ITO as the counter electrode. 404 Although the efficiency of this solar cell was low, it demonstrated the catalytic activity of PEDOT for the reduction of triiodide. This signalled the feasibility of PEDOT as a CE material for DSSCs.
Owing to high conductivity, catalytic activity, electrochemical reversibility, and significant thermal and chemical stability, 405 406 They also prepared p-toluenesulfonate (TsO)-doped PEDOT and PSS-doped PEDOT. The PCE of the DSSCs with PEDOT-TsO CE was almost the same as that of the cell with Pt CE and was better than that of the device with PEDOT-PSS CE owing to the exposure of PSS À that resulted in increased overpotential. Pringle et al. prepared PEDOT films on an ITO/PEN flexible substrate by using the electrodeposition technique. The results showed that a five sec deposition time was enough to achieve a highly effective and transparent PEDOT film. The DSSCs using this CE and organic liquid electrolyte produced a high PCE of 8.0%. 186 The morphology of PEDOT affects the electrochemical properties of the CE and the photovoltaic performance of the devices. The nanoporous structure can be modified through process control. Ahmad et al. prepared PEDOT nanoporous layers on FTO by using electro-oxidative polymerization and using hydrophobic ionic liquids as a medium. 407 The as-prepared highly porous PEDOT films showed a conductivity of 195 S cm À1 . These films were used as CEs in DSSCs, yielding a PCE of 7.93%, which was close to that achieved with the classical Pt electrode (8.71%). Trevisan et al. used ZnO nanowire arrays as templates and electropolymerized PEDOT-nanotubes (NTs) on FTO. 408 The PEDOT-NT CE presented a performance as good as the conventional Pt CE, or even better, depending on the electrolyte used. The PEDOT-NT CEs showed improved performance, compared with their dense and flat counterparts. The DSSC with the PEDOT NT CE achieved a PCE of 8.3%, which was comparable to the DSSC with Pt CE (8.5%). Similarly, PEDOTnanofibers (NFs) with diameters of 10-50 nm and a high conductivity of 83 S cm À1 were prepared by using sodium dodecyl sulfate micelles as nanoreactors. 409 The PEDOT-NFs were spin-coated as a methanol-based colloidal dispersion. The DSSC based on the PEDOT-NF CE with low surface resistance and a highly porous surface achieved a high PCE of 9.2%, compared with bulk PEDOT (6.8%). It also surpassed the efficiency of Pt CEs (8.6%).
With Co 3+/2+ as the redox couple for DSSCs, the PEDOT CE can give a better result than the Pt CE. Tsao et al. prepared PEDOT CEs by electro-oxidative polymerization. 410 The DSSC with Y123-sensitized, Co-mediated and PEDOT-based CE yielded the highest PCE of 10.30%, which is due to the fact that PEDOT dramatically reduces the interfacial charge-transfer resistance and the mass transport limitations, resulting in superior PCE values. For the T 2 /T À redox system, the use of PEDOT also leads to significant enhancement of photovoltaic properties. Burschka et al. achieved a record PCE of 7.9% for a T-mediated DSSC with PEDOT CE, and the efficiency was higher than that of the cell with a Pt electrode. 411 Poly(3,4-propylenedioxythiophene) (PProDOT) supersedes Pt electrodes in DSSCs and gives better results due to its ultrahigh surface area and its ability to avoid the formation of any passivation layers at the electrode/electrolyte interface. To date, the PCE values of the DSSCs with PProDOT CEs are significantly higher than the data reported using many other types of CEs. [412] [413] [414] [415] [416] For instance, the cells using PProDOT CEs yielded a 20% improvement in PCE (9.9%) and a remarkable drop in R CT (2.5 O cm 2 ) as compared to the Pt electrode (8.24%, 50 O cm 2 ). 415 The record PCE values of the PProDOT-based DSSCs with I-based and Co-based redox couples are 9.25% and 10.08%, respectively. In addition, the PProDOT layer can be produced on flexible substrates, facilitating their use in flexible DSSCs.
Polythiophene (PTh) can also be used as a CE material in DSSCs. Bora et al. prepared a PTh/graphene (PTh/GR) composite by interfacial polymerization (shown in Fig. 22 ) and used it as CE for DSSCs. 417 The composite electrode showed higher electrocatalytic activity compared to the pristine PTh electrode for reduction of triiodide, and this is mainly due to its large active surface area and better charge transport. Higher J SC and higher FF values were observed in the case of PTh/GR based DSSCs compared to the PTh based device. This may be attributed to the incorporation of GR sheets that significantly increases the electron transport process within the PTh by reducing the resistance. The DSSCs with the composite electrode achieved a PCE of 4.8% and the device with conventional Pt electrode achieved a PCE of 5.1% under the same conditions.
Polyaniline
Polyaniline (PANI) is a conducting polymer. Although the compound was discovered over 150 years ago, PANI has captured intense attention from the scientific community since the early 1980s, which is due to the rediscovery of its high electrical conductivity. Amongst the family of conducting polymers and organic semiconductors, PANI is one of the most studied conducting polymers in the past 50 years. [418] [419] [420] [421] PANI is especially attractive because it is relatively inexpensive, has three distinct oxidation states with different colors, and has an acid/base doping response. The last property makes PANI an attraction for acid/base chemical vapor sensors, supercapacitors and biosensors. The different colors, charges and conformations of the multiple oxidation states also make the material promising for applications such as actuators, supercapacitors and electrochromics. It is suitable for the manufacture of electrically conducted yarns, antistatic coatings, electromagnetic shielding, and flexible electrodes. [422] [423] [424] [425] [426] Among the various conducting polymers, polyaniline (PANI) is one of the most intensively studied counter electrode materials, owing to its low cost, easy synthesis, high conductivity, high thermal and chemical stability, and interesting redox properties. 427, 428 Different varieties of PANI have been synthesized and used as CE materials for DSSCs. In general, synthesized PANI nanostructure should be a porous structure with a high surface area. Moreover, electrodeposited PANI exhibits superior performance because of its well-connected structure.
In 2008, the Wu group first reported the use of PANI as CE for DSSCs. 429 They synthesized microporous PANI nanoparticles (NPs) with size diameters of 100 nm by an aqueous oxidative polymerization reaction, with perchloride acid as a dopant in the presence of ammonium persulfate. The PANI CE exhibited higher electrocatalytic performance for the I 3 À /I À redox reaction than the Pt electrode, and achieved a PCE of 7.15%, over 0.25% higher than the PCE value of the Pt-based CE.
One-dimensional PANI nanostructures with different morphologies, like nanofibers, nanobelts, and nanotubes, have been synthesized. [407] [408] [409] For example, in order to improve the electrocatalytic performance of the PANI films, an oriented PANI nanowire array was in situ grown. 430 Since electron transportation along the PANI nanowires is fast, any exposed polymer parts will be effective for the catalytic reduction of the oxidized species in the electrolyte. The PANI nanowire array shows higher electrocatalytic activity for Co 3+/2+ redox reaction than the random PANI film, and even outperforms the Pt electrode. With the oriented PANI nanowire array as CE, a Comediated DSSC with a FNE29 dye achieved a PCE of 8.24%, much higher than the efficiency obtained using the random PANI film (5.97%) or the Pt cathode (6.78%). Hou et al. synthesized a polyaniline nanoribbon (PANI NR) CE with serrated, flexible and ultrathin nanostructures by in situ polymerization and by using electrospun vanadium pentoxide (V 2 O 5 ) as template and oxidant, followed by acid etching. 431 Owing to its abundant active sites and good contact performance, the PANI NR CE showed high catalytic activity and the DSSC based on the PANI-NR CE achieved a PCE of 7.23%, which was comparable to that of the Pt-based DSSC (7.42%).
By appropriate methods, PANI can be prepared as transparent films, which can be used in bifacial solar cells, so as to improve the utilization efficiency of the incident light. By a facile in situ polymerization method, Tai et al. synthesized a highly uniform and transparent PANI film and used it as CE in DSSCs. 207 The electrode was used to fabricate a bifacial active transparent DSSC, which showed efficiencies of 6.54 and 4.26%, corresponding to front-and rear-side irradiation, respectively. Meanwhile, the efficiency of the device with the same photoanode and Pt CE was 6.69%. Compared to conventional Pt-based DSSCs, the design of the bifacial DSSC is conducive to utilize light from both sides. Wu devised a bifacial DSSC based on transparent PANI CE. 94 Owing to sunlight irradiation simultaneously from the front and the rear sides, more dye molecules are excited, which results in the enhancement of J SC and thus overall conversion efficiency. The photoelectric properties of PANI were improved by modifying with 4-aminothiophenol (4-ATP). The bifacial DSSC with 4-ATP/PANI CE achieved an overall conversion efficiency of 8.35%, which was increased by 24.6%, compared to the DSSC irradiated from the front only.
PSS, TsO (Ts = tosyl), SO 4 2À , ClO 4 À , BF 4 À and Cl À have been used as dopants in the design of CEs. 412, [432] [433] [434] Doping ions affect the morphologies, electrochemical properties, and doping/ dedoping process of polymer films. Among them, the SO 4 2Àdoped PANI film showed porous morphology, higher reduction current for the reduction of triiodide and a lower charge-transfer resistance (1.3 O cm 2 ) than the Pt CE. The DSSC with PANI-SO 4 CE achieved a PCE of 5.6%. 434 The sodium dodecyl sulfate (SDS)doped PANI film exhibited the highest conductivity, which leads to a higher catalytic reduction of triiodide. DSSCs assembled with PANI-SDS CE gave a PCE of 7.0%, which was comparable to that of a conventional Pt CE (7.4%). 435 Hexafluoro-isopropanol (HFIP) is a non-toxic, low boiling point (59 1C), mildly acidic and strong hydrogen-bonding solvent. Polymer films (PANI-SO 4 -F or PEDOT-F) on FTO with high conductivity, strong adhesion, and good electrochemical activity can be fabricated simply by spin coating or casting from the corresponding solutions at room temperature. Chiang et al. made highly concentrated and stable PANI/HFIP and PEDOT/ HFIP colloid solutions simply by dissolving the doped polymer powders in HFIP. 436 The DSSCs based on PANI-SO 4 -F and PEDOT-F CEs, combining CYC-B11 sensitizer and triiodide/iodide electrolyte, achieved conversion efficiencies up to 8.8% and 9.0%, respectively. The device based on the conventional Pt electrode achieved an efficiency of 8.9% under the same conditions. Excellent photoelectric properties, easy preparation, and low cost render the PANI electrode a credible candidate for replacing Pt in DSSCs.
Superior catalytic activities, high conductivity, simple preparation, and low cost associated with PANI make it a credible alternative CE for DSSCs. However, PANI is not an ideal CE material because it suffers from instability, self-oxidation, and carcinogenic properties. 91 
Polypyrrole
The first example of polypyrrole (PPy) was reported in 1963 by Weiss and his colleagues. 437 They described how the pyrolysis of tetraiodopyrrole produced highly conductive materials. Polypyrrole is a type of organic polymer formed by the polymerization of pyrrole. PPy films are yellow, but darken in air due to some oxidation. Doped films are blue or black, depending on the degree of polymerization and film thickness. They are amorphous, showing only weak diffraction. PPy is described as ''quasi-one-dimensional'' vs. one-dimensional since there is some crosslinking and chain hopping. Undoped and doped films are insoluble in solvents but swellable. 438 PPy is thermally stable in air up to 150 1C. 439, 440 PPy is an insulator, but its oxidized derivatives are good electrical conductors. The conductivity of the material depends on the conditions and reagents used in the oxidation. Conductivity ranges from 2 to 100 S cm À1 . PPy is mainly applied in electronic devices and chemical sensors. [441] [442] [443] PPy is a potential candidate to replace Pt CE because of its easy synthesis, good catalytic activity, low cost, high polymerization yield, and considerable environmental stability. 440, [444] [445] [446] Wu et al. first reported the application of PPy as CE material in DSSCs in 2008. 444 Before that, PPy as hole conductor was used in solid-state DSSCs. 447, 448 In Wu's work, 444 PPy nanoparticles were synthesized by chemical polymerization, using iodine as initiator. 449 The as-prepared PPy was coated on FTO to construct PPy CE. SEM images show that PPy with porous morphology and particle diameter in the 40-60 nm range was uniformly and tightly covered on FTO. Cyclic voltammograms revealed that the PPy electrode has smaller R CT and higher electrocatalytic activity than the Pt electrode. The DSSC with the PPy CE achieved a PCE of 7.66%, while the device with Pt CE achieved a PCE of 6.90%.
Jeon et al. synthesized discrete spherical PPy nanoparticles with a uniform diameter of B85 nm and a conductivity of B10 S cm À1 by chemical oxidative polymerization within micelles that have myristyl trimethyl ammonium bromide (MTAB) and decyl alcohol as the nanoreactors. 440 The surface resistivity of the PPy layer on the FTO glass decreased from 624 to 387 O sq À1 after post-doping with concentrated HCl vapor for 1 min. The DSSCs based on PPy and HCl-doped PPy CEs achieved PCEs of 5.28 and 6.83%, respectively. Moreover, the cell efficiency was further enhanced to 7.73% by tuning electrolyte composition which is the highest efficiency to date with the use of PPy as CEs. Peng et al. presented a facile method to prepare free-standing PPy nanotube films by simply heating pulp-like homogeneous suspensions at low temperature, which can be used as a flexible FTO-and Pt-free CE for DSSCs. 445 The DSSCs based on these paper-like PPy membranes show an impressive conversion efficiency of 5.27%, which is about 84% of the cell with a conventional Pt/FTO CE (6.25%).
Hwang et al. synthesized ultrathin polypyrrole nanosheets (UPNSs) by chemical oxidation via organic single-crystal surfaceinduced polymerization (OCSP), using sodium decylsulfonate (SDSn) as a template (shown in Fig. 23 ). 446 These UPNSs have similar morphology as graphene sheets with higher surface area and active sites. The OCSP produced a two-dimensional structure with fewer grain boundaries. The UPNSs were deposited onto FTO for CEs in DSSCs. The UPNS CE had high transparency (94%) which is attributed to its nanoscale thickness. Post-doping treatment with HCl vapor increased conductivity to 39 S cm À1 , 26% greater than that of untreated UPNS electrodes (31 S cm À1 ), and improved the catalytic activity of the electrodes. The Tafel polarization and impedance results support the enhancement of catalytic activity by HCl doping. The DSSC with the HClenhanced UPNS CEs showed a PCE of 6.8%, which is 19.3% greater than the untreated case and comparable to that of Pt CE-based DSSCs (7.8%). Furthermore, the UPNS is suitable for flexible applications, thanks to its high transparency, low temperature processing, and two-dimensional morphology.
There are copious amounts of research and applications of PPy as CE materials in DSSCs. 440, [444] [445] [446] [450] [451] [452] [453] [454] [455] [456] Amongst various conducting polymers known to us, PPy is of special interest because of its easy synthesis, excellent stability in air, low cost, and high polymerization yield. 333 The main issue for PPy CE is its higher R CT , and the conductivity of the PPy film is also not good enough. 148 The performance of PPy CE is highly process dependent and it depends upon dopant, morphology, and choice of synthesis methods.
The photovoltaic parameters of DSSCs using conductive polymers as CEs are shown in Table 3 . Conductive polymers are flexible, transparent, easily processed, and can be put into mass production easily. The properties of conductive polymers can be tuned easily. They show reasonable performance with respect to Pt counterparts. PEDOT (PProDOT) exhibits the best performance among conductive polymers, but its cost is comparable to that of Pt. While PPy based CEs are cheaper but the performance is slightly inferior to that of PEDOT. PANIbased CEs have more attractive prospect for their low cost and comparably better performance. Conducting polymer based CEs exhibit promising prospect when they are used with nonconventional electrolytes. They can play a dual role as substrate and catalyst. Therefore, replacing the TCO and Pt will account for more than half of the cost of the DSSCs. 148 
Transition metal compound counter electrodes
As alternatives to the noble metals, early transition metal compounds (TMCs), such as carbides and nitrides, have been used in the fields of ammonia synthesis and decomposition, hydrogenolysis, isomerization, methanation, hydroprocessing, among others. This is due to the fact that these transition metal compounds have electronic structures similar to noble metal Pt, with interstitial phases or interstitial compounds, and they show Pt-like behavior. [457] [458] [459] [460] [461] Consequently, it is not surprising that certain TMCs may replace platinum as CE materials in DSSCs. Since 2009, some metal compounds including carbides, nitrides, chalcogenides, oxides, phosphides, and so on have been applied in DSSCs as CEs to replace expensive Pt CE.
Carbides and nitrides
The catalytic activity of carbides was first explored between 1960 and 1970. This discovery led to similar findings for other early transition-metal carbides and nitrides. 457, 462 The potential applications of transition-metal nitrides and carbides have been widely explored in material chemistry, in virtue of their unique physical and chemical properties, such as high electrical conductivity and thermal conductivity, good chemical stability, 463, 464 catalytic activity, 465 as well as low-temperature superconductivity. 466 The synthesis of transition-metal nitrides provides interesting challenges because of the insertion of nitrogen into the interstitial sites of the metals. In general, transition-metal nitrides are conventionally produced by using metals, metal halides, or metal oxides that are thermally converted into nitrides by using high-temperature treatment with N 2 or NH 3 , or into carbides by carbonation with CH 4 . 333 In 2009, Jiang et al. successfully synthesized highly ordered TiN nanotube arrays by the anodization of Ti foil, and subsequent nitridation in a NH 3 atmosphere, and used them as CE in DSSCs for the first time. 467 The TiN nanotube arrays as CEs resulted in lower R S and R CT at CE/electrolyte interfaces. The DSSC based on the TiN CE achieved a PCE of 7.73%, and the cell with conventional FTO/Pt CE achieved a PCE of 7.45%.
As for carbides, in 2010, Jang et al. prepared mesoporous tungsten carbides (WC) by polymer-derived (PD) and microwaveassisted (MW) methods, and used them as Pt-free CEs of DSSCs for the first time. 468 Although earlier in April of 2009, transition metal carbide TiC had been used in DSSCs, it was used in electrolytes, instead of counter electrodes. 469 The DSSCs with the mesoporous WC CEs by MW and PD methods achieved efficiencies of 7.01% and 6.61%, respectively, which were lower than that of the device with Pt CE (8.23%). 468 This can be attributed to the large particle size and low surface area of the two carbides. The Ma group thus embedded MoC and WC in ordered nanomesoporous carbon materials (MoC-OMC, WC-OMC) and spray coated on FTO glass. 470, 471 The carbon dye (CD) was doped to improve the conductivity of the nanocomposites and TiO 2 powder (P25) was added to avoid particle aggregation and to improve the bonding. Owing to the high surface area of 611 m 2 g À1 and 598 m 2 g À1 of the two carbides, the DSSCs based on MoC-OMC and WC-OMC CEs achieved PCEs of 8.34% and 8.18%, respectively, while the cell 
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based on Pt CE achieved an efficiency of 7.89% under the same conditions. Carbides (WC, MoC, NbC, TiC, VC, Cr 3 C 2 and Ta 4 C 3 ) are attractive CE materials for their properties of low cost, high catalytic activity, good selectivity, superior electrical conductivity, and good thermal stability. Moreover, N-doped carbides, such as TiC(N), VC(N), and NbC(N), show better catalytic activity and photovoltaic performance than the corresponding TiC, VC and NbC. The reason for the improved performance of carbide by N doping is not clear yet. The synergetic effect of N and C atoms may play an important role. Carbides and nitrides have more superior catalytic activity in S-mediated DSSCs than in I-mediated DSSCs, which is even better than Pt CE. 150, [472] [473] [474] [475] [476] [477] [478] Similar to the carbides, the nitrides of TiN, Mo 2 N, MoN, W 2 N, WN, Fe 2 N, NiN, VN, NbN, CrN, and Ta 4 N 5 were also introduced into DSSCs as CE materials. 125, 150, 467, [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] Zhang et al. synthesized TiN sphere CEs by coating hierarchical micro/nano-TiO 2 paste onto Ti foil followed by a nitridation reaction. 479 Compared with particulate TiN and TiN flat CEs, the DSSCs with TiN sphere CE showed higher photovoltaic parameters in light of its hierarchical structure. After optimization, the highest PCE reached 7.83%, 30% higher than that of Pt CE based DSSCs (6.04%). Gao et al. prepared a surface-nitrided Ni foil and used it as CE in DSSCs, which showed a PCE of 5.68%, much lower than that of the Pt CE based DSSC (8.41%). 480 The low efficiency of the NiN CE based DSSC is attributed to the compact nitride film with a low surface area. To improve the surface area, the NiN particle with a mesoporous structure was prepared, and the DSSCs gave a high PCE of 8.31%, proving that a large surface area was a critical factor for high device performance. Further, they synthesized MoN, WN, and Fe 2 N by nitridation of the oxide (MoO 2 , WO 3 , Fe 2 O 3 ) in a NH 3 atmosphere. The nitride-based DSSCs showed PCE values of 5.57% (MoN), 3.67% (WN), and 2.65% (Fe 2 N). 481 Chen et al. successfully grew porous, single crystalline titanium nitride (TiN) nanoplates on carbon fibers (CF). The fiber-shaped DSSCs based on the TiN-CF CE achieved a high PCE of 7.20%, comparable or even superior to that of the DSSC based on Pt wire (6.23%). 482 Wu et al. synthesized metal carbides, nitrides and oxides by a urea-metal route. 150 In their work, a metal chloride was dissolved in ethanol to form the metal orthoester. Then, different amounts of urea were added to the metal orthoester, producing a gel-like urea-metal precursor. After sintering the precursor, the target nitrides, carbides and oxides were thus obtained. The obtained carbides and nitrides by this method usually possess high purity (499.5 wt%). The synthesized transition metal compounds included carbides: Cr 3 Fig. 24 . The carbon-nitrogen compound is an interesting material. It may share some merits with carbides, nitrides, graphite and graphene, and is a novel CE material used in DSSCs. [490] [491] [492] [493] [494] [495] [496] [497] Ramasamy et al. synthesized an ordered mesoporous titanium nitride-carbon (OM TiN-C) nanocomposite with a surface area of 389 m 2 g À1 and uniform hexagonal mesopores of 5.5 nm via the soft-template method. 490 The DSSC with OM TiN-C as CE showed a PCE of 6.71% in the T 2 /T À electrolyte system, while the DSSC with Pt CE showed an efficiency of 3.32%. Furthermore, in the I 3 À /I À electrolyte system, the PCEs of the devices are 8.41% and 8.0% for OM TiN-C and Pt CEs, respectively. The superior performance of the OM TiN-C CE resulted from the low charge transfer resistance, enhanced electrical conductivity, and abundance of active sites of the OM TiN-C nanocomposite. Xu et al. synthesized a hierarchical N-C and Fe 3 C nanocomposite (Fe 3 C@N-C) by carbothermal reduction at 600 1C, using cyanamide (NH 2 CN) as the nitrogen and carbon source. 491 By forming Fe 3 C at this temperature, the common problem of a-Fe formation was avoided as this material is unstable in the I À /I 3 À electrolyte. 492 An appropriate amount of NH 2 CN prevented the aggregation of the FeC 2 O 4 nanowires and generated a favorable carbon-coating. With the nanocomposite as CE, the Fe 3 C@N-C-2.5 (ratio of FeC 2 O 4 / CH 2 N 2 is 2.5) yielded the highest DSSC efficiency of 7.36%, which was higher than that of the cell with a Pt CE (7.15%). The good photovoltaic performance was attributed to the synergistic effect of the combination of N-C and Fe 3 C as well as 1-D configuration, which endows the nanostructures with more interfacial active sites, better catalytic performance and lowest charge-transfer resistance. Lee et al. synthesized crystalline poly(triazine imide) based graphitic carbon nitride (g-CN) via a modified ionothermal method, and deposited it onto the counter electrodes along with a conductive additive and a sacrificial polymer binder. 493 The DSSC with this graphitic carbon nitride (g-CN) as CE exhibited a PCE of 7.8%, which is comparable to the cell with conventional Pt CE (7.9%). Wang et al. prepared a porous graphitic carbon nitride/graphene (g-C 3 N 4 /G) composite by the hydrothermal method and used it as the CE of DSSCs. 494 The incorporation of graphene nanosheets into g-C 3 N 4 resulted in a 3D architecture with a high surface area, a porous structure, an efficient electron-transport network, and fast chargetransfer kinetics at g-C 3 N 4 /G interfaces. With g-C 3 N 4 /G as CE, the DSSC achieved an efficiency of 7.13%, which was comparable to the cell with a Pt CE (7.37%).
Balamurugan et al. designed and synthesized (shown in Fig. 25 ) a hybridized structure of iron nitride (FeN) core-shell nanoparticles grown on nitrogen-doped graphene (NG). 495 The FeN/NG core-shell nanohybrid material was successfully used as a CE in DSSCs. The interactions between the FeN core and the NG shell improved the electrochemical properties of the nanohybrids and led to superior electro-catalytic activity and high electrical conductivity. A DSSC based on the coreshell FeN/NG CE achieved a high PCE of 10.86%. The PCE value is superior to that of the device based on conventional Pt CE (9.93%) under the same experimental conditions. Such simple, cost-effective, and eco-friendly nanohybrids will provide a new pathway for the preparation of various core-shell structure nanohybrid materials and can be used in a wide range of applications, such as in solar cells, fuel cells, supercapacitors, Li-ion batteries, and biosensors.
Chalcogenides
The term chalcogenide is more commonly reserved for sulfides, selenides, and tellurides, rather than oxides. Metal chalcogenides have various compositions, molecular structures, and distinctive properties, which render them a promising catalyst for the substitution of noble metal-based electrocatalysts used in fuel cells, electrolysis of water, and DSSCs. An important application of chalcogenides in PV technologies is as optical absorption materials in quantum dot-sensitized solar cells (QDSSCs). [498] [499] [500] [501] Metal chalcogenides are also widely used as CEs in DSSCs. 333, [502] [503] [504] [505] [506] [507] [508] In 2009, Wang et al. deposited CoS on ITO/PEN films and used the sulfide as CE in DSSCs for the first time, and obtained an efficiency of 6.5% in conjunction with a Z907 sensitizer and a eutectic melt electrolyte. 502 Tuan et al. used Co 9 S 8 nanocrystals as CE for DSSCs (with a size of 2 cm 2 ) and obtained an average PCE of 7.0%, slightly lower than that of Pt CE based DSSCs. 509 Ho et al. used a CoS nanorod array as CE in DSSCs, producing a PCE of 7.67%, similar to Pt CE-based DSSCs (7.70%). 505 Huo et al. deposited a sponge-like CoS/rGO hybrid on FTO by electrophoretic deposition and ion exchange deposition, followed by sodium borohydride and sulfuric acid solution treatment. 510 The addition of rGO improved the electrocatalytic activity for triiodide reduction, resulting in the better electrocatalytic property of CoS/rGO CEs compared to Pt CE. With CoS/rGO as CE, the DSSC achieved a PCE of 9.39%, which was increased by 27.93% compared with the DSSC with Pt CE (7.34%). Furthermore, Huo et al. prepared a transparent nanostructured CoS/rGO CE by a simple hydrothermal method. 503 The DSSC based on CoS/rGO CE with a thickness of 72 nm achieved a PCE of 9.82%, and a PCE of 8.38% was obtained for the Pt CE based DSSC under white light irradiation from the front and back.
Wu et al. synthesized MoS 2 and WS 2 and used them as CEs in DSSCs. 149 Both MoS 2 and WS 2 performed well for triiodide reduction, and the DSSCs with MoS 2 and WS 2 CEs yielded a PCE of 7.59% and 7.73%, respectively, comparable to the device with Pt CE (7.64%). In addition, both sulfide CEs surpass Pt in T À /T 2 electrolyte based DSSCs. Ahn et al. converted a mesoporous interconnected WO 3 to edge-oriented WS 2 by a rapid sulfurization process at high temperature. 511 The oriented WS 2 exposed a large number of active edge sites and resulted in high catalytic activity toward triiodide reduction. With an optimized edge-oriented WS 2 as CE, the DSSC exhibited a PCE of 8.85%, which was higher than that of Pt (7.20%). Liang et al. directly grew ultrathin MoS 2 nanofilms with a thickness of only several stacked layers on transparent FTO by a one-step solution-phase process. 512 The MoS 2 nanofilms possessed excellent catalytic activity for triiodide reduction. With the MoS 2 nanofilm as CEs, the DSSC achieved an impressive PCE of 8.3%, which was higher than that of a Pt-based electrode (7.53%).
Chen et al. prepared semitransparent FeS 2 films on ITO/ PEN. After modification, the DSSCs using FeS 2 CE showed a PCE of 7.31%. 209 The DSSCs using PR-NiS and PS-NiS CEs showed PCE values of 6.83% (PR-NiS) and 3.22% (PS-NiS). 114 The NiS nanoarray film was prepared by a two-step low-temperature solution route, and the DSSCs using this sulfide CE achieved a PCE of 7.10%, compared to the Pt CE based DSSCs (7.35%). 514 Shinde et al. deposited a high crystalline and well-defined nanostructured NiS thin film on a flexible PET substrate by a simple and effective solution-based deposition (shown in Fig. 26 ). 515 The flexible DSSC with the NiS CE exhibited a high PCE of 9.50% (vs. 8.97% for the device with Pt CE). The Wu group deposited CoS and NiS on FTO by a simple electrodeposition method and the morphology of the films was tuned by adding different amounts of ammonia (shown in Fig. 27 ). 516 With the sulfide films as CEs, the DSSC achieved PCEs of 9.23% (CoS) and 9.65% (NiS), respectively. The values are obviously higher than that of DSSC with Pt CE (8.12%) under the same conditions. The Tang group systematically studied metal selenides (M-Se; M = Co, Ni, Cu, Fe, Ru) as CEs for bifacial DSSCs. 517 Owing to superior charge-transfer ability at the interface, good electrocatalytic activity toward triiodide reduction, and optical transparency, the bifacial DSSCs based on MSe CEs yielded front and rear efficiencies of 7.64% and 5.05% for FeSe, 8.30% and 4.63% for Co 0.85 Se, 7.85% and 4.37% for Ni 0.85 Se, 6.43% 522 Recently, Li et al. prepared tubular-structured orthorhombic CoSe 2 by a facile precursor transformation method. 523 Owing to the structural features of functional shells and welldefined interior voids, the CoSe 2 showed a high PCE of 9.34% as a CE for DSSCs, superior to that of Pt CE (8.15%). Very recently, the Wu group successfully synthesized CoSe 2 by a facile electrochemical deposition. The DSSC based on the CoSe 2 CE achieved a record PCE of 10.17%, which was increased by 21.9% compared to the cell based on Pt CE (8.35%). 524 Guo et al. synthesized metal tellurides of CoTe and NiTe 2 by a composite-hydroxide-mediated (CHM) method. The tellurides were used as CEs in DSSCs, yielding PCE values of 6.92% and 7.21%, respectively, comparable to the device using Pt CE (7.04%). 525 Patil et al. prepared self-standing CoTe nanotubes via anion exchange in aqueous solution at room temperature. 526 The DSSC with the CoTe CE showed a PCE of 8.10%, which is highly comparable to that of the device with Pt CE (8.20%). The Wu group synthesized CoTe/RGO by the hydrothermal method and used it as CE in DSSCs. 508 The CoTe/RGO has a larger surface area, good electrocatalytic activity and a lower R CT of 2.94 O cm 2 , resulting in a high PCE of 9.17%, outperforming the device with Pt CE (8.17%).
Oxides
Differently from the carbides, nitrides and chalcogenides, transition metal oxides are less used as CEs to replace Pt. However, Ma et al. synthesized WO 2 nanorods with excellent catalytic activity, and the iodide electrolyte based DSSCs with WO 2 CE showed a high PCE of 7.25%, close to that of the DSSC with Pt CE (7.57%). 527 Moreover, the WO 2 performed better than Pt in the T 2 /T À electrolyte system, and obtained a DSSC efficiency of 4.66%. 528 Similar to WO 2 , WO 2.72 also showed higher catalytic activity, and the corresponding DSSC produced a high PCE of 8.03%, close to that of the Pt CE based DSSCs (8.08%). 529 WO 3 was also prepared, and the DSSC with WO 3 CE showed a low PCE of 4.67%. 529 Lin et al. synthesized NbO 2 with excellent catalytic activity for triiodide reduction, resulting in a high DSSC efficiency of 7.88%, surpassing the DSSC using Pt CE (7.65%). 530 
Others
Wu et al. directly coated a Ni 2 P nanolayer with a porous nanosphere structure on FTO by pulse-reverse deposition. Owing to the significant improvement of ion transport, the efficiency of DSSCs based on Ni 2 P CE was increased to 7.32%. 535 Wu et al. prepared a monolayer of Ni 5 P 4 clusters with a mesoporous structure on FTO by cyclic voltammetric deposition. The mesoporous Ni 5 P 4 exhibited good electrocatalytic activity towards triiodide reduction, low charge-transfer resistance and diffusion impedance. The PCE of the DSSC based on the Ni 5 P 4 CE reached 7.6%, which was higher than that of the device with Pt nanocluster CE (7.2%). 536 Earth abundant silicon compounds, including Si 3 N 4 , SiO 2 , SiS 2 , and SiSe 2 , were introduced as CEs in DSSCs. 537 Using a conducting binder, PEDOT:PSS, various silicon-based composites were coated on the ITO. In a composite film, silicon based nanoparticles provided electrocatalytic ability and plenty of electrocatalytic active sites for triiodine ion reduction. PEDOT:PSS not only acted as a good conducting binder for silicon-based nanoparticles, but also provided a continuous polymer matrix to increase electron transportation. The composite films containing 5 wt% Si 3 N 4 (Si 3 N 4 -5) and 5 wt% SiSe 2 (SiSe 2 -5) possessed excellent electrocatalytic activity and rendered a high efficiency of 8.2% to DSSCs, which was comparable to the Pt electrode (efficiency of 8.5%).
It is generally believed that silver or silver-based compounds are not suitable as CE materials for DSSCs as a result of the corrosion of the I 3 À /I À redox couple in electrolytes. However, Ag 2 S can be used in DSSCs because of its high carrier concentration and tiny solubility product constant. He et al. fabricated a Ag 2 S CE for DSSCs which exhibited efficient electrocatalytic activity for triiodide reduction. 538 The DSSC with Ag 2 S CE displayed a PCE of 8.40%, higher than that the device with Pt CE (8.11%). Moreover, the devices also showed the characteristics of fast activity onset, high multiple start/stop capability and good irradiation stability.
Multicomponent compounds, in particular multicomponent sulfides, such as CZTS, 504, 539 CZTSe, 539, 540 The photovoltaic parameters of the DSSCs based on excellent carbide, nitride chalcogenide, oxide and other CEs are summarized in Table 4 . Although the study of transition metal compounds as CE materials lags behind that of carbon materials and conductive polymers in time, transition metal compounds have become a hot research area for CEs of DSSCs in recent years owing to their material diversity, low cost and Pt-like catalytic activity. They can be prepared by simple synthesis and can be easily modified. However, the performance of the TMC-based DSSC is relatively lower than that of the devices with other Pt-free CE materials, which may be ascribed to the poor conductivity of TMCs and the unreliable electron transportation between the TMC nanoparticles and conducting substrates.
Hybrid counter electrodes
In order to improve the performance and adaptability of CEs, much attention has been paid to developing hybrids or composite CEs. The hybrids are materials consisting of two or more components. The performance of the hybrids could be improved by taking advantage of the synergetic effects that arise from different components of the hybrids. Currently, hybrids have become one of the popular CEs.
As the CEs for DSSCs, the hybrids can be divided into Pt-loaded and Pt-free hybrids. For Pt-free hybrid CEs, carbon materials, conductive polymers, and transition metal compounds (TMCs) are often used as basic components of the hybrids. As illustrated in Fig. 28 , there are usually three classes of two-component (TMCs/carbon, carbon/polymers and polymers/TMCs) hybrids. 554 The Wu group fabricated a high-performance Pt/NiO hybrid CE for DSSCs. Pt/NiO hybrid CEs showed high catalytic activity and low charge transfer resistance. The DSSC with the Pt/NiO hybrid CEs achieved a PCE of 8.40%, which is lower than that of the DSSC with conventional Pt CE (9.15%). However, owing to the extremely high transparency of Pt/NiO CE, when adding an Ag mirror behind the back side of the DSSC, the PCE was enhanced to 11.27% (Fig. 29 ). 555 
TMCs/carbon hybrids
For TMCs/carbon hybrids, carbon materials are often used as the supports while TMCs serve as the catalysts. A series of TMCs embedded in mesoporous carbon (MC), such as TiN/MC, 490 MoC/MC, 471 WC/MC, 91 TaO/MC, 91 TaC/MC, 471 WO 2 /MC, 116, 528 HfO 2 /MC, 556 MoS 2 /C 557 and VC/MC, 150 were developed. 476 The surface areas of the hybrids were greatly increased from several tens to several hundreds m 2 g À1 after the incorporation of TMCs into MC. DSSCs using these carbon-based hybrid CEs presented PCEs of 8.41%, 8.34%, 8.18%, 8.09%, 7.93%, 7.76%, 7.75%, 7.69%, and 7.63% respectively. The PCE values are higher than those of the corresponding TMC and MC electrodes alone, which can be attributed to the synergetic effects between different components of the hybrids.
Reduced graphene oxide (RGO) is an intermediate state between graphene oxide (GO) and graphene. It has oxygencontaining groups (-COOH, -OH and QO) and lattice defects, which are usually regarded as the catalytic active sites and can interact with other components. In this regard, RGO is more suitable than the reduced and defect-free graphene for CEs in DSSCs. Wang et al. prepared a series of TMCs/RGO nanohybrids, such as NiS 2 /RGO, Ta 3 N 5 /RGO and TaON/RGO. [558] [559] [560] I-Meditated DSSCs with N719 dye produced PCEs: NiS 2 /RGO (8.55%) 4 Pt (8.15%) 4 NiS 2 (7.02%) 4 RGO (3.14%); Co-mediated DSSCs with FNE29 dye produced PCEs: Ta 3 N 5 / RGO (7.85%) 4 Pt (7.59%) 4 RGO (4.55%) 4 Ta 3 N 5 (2.89%) and Pt (7.91%) 4 TaON/RGO (7.65%) 4 RGO (4.62%) 4 TaON (2.54%).
By utilizing metal chlorides as metal sources and phenolic resin as a carbon source, Guo et al. synthesized carbon supported transition metal carbide hybrids: Cr 3 C 2 /C, Mo 2 C/C, WC/C, VC/C, NbC/C, TaC/C, and TiC/C. 473 As CEs, the carbon supported carbide hybrids showed high catalytic activities towards Co 3+/2+ redox couple regeneration. The DSSCs based on the TiC/C, VC/C, and WC/C composite CEs displayed PCE values of 8.85%, 9.75% and 9.42%, respectively, which were much higher than those of the counterparts with TiC, VC and WC CEs. The Cui group prepared metal nitride (MoN, TiN, VN) nanoparticle/N-doped reduced graphene oxide (NG) hybrid materials and used them as CEs for DSSCs. 561 The synergistic effects of high concentration of active sites and electronic/ionic mixed conducting networks offer a promising electrocatalytic feature for triiodide reduction. The PCE values of the devices with VN/NG, TiN/ NG and MoN/NG CEs were 6.28%, 7.50% and 7.91% respectively, which were comparable with that of Pt devices (7.86%).
Guo et al. synthesized an In 2.77 S 4 @conductive carbon (In 2.77 S 4 @CC) hybrid via a two-step method. 562 The In 2.77 S 4 @CC hybrid electrode showed superior electrocatalytic activity for the reduction of triiodide. The DSSC with the In 2.77 S 4 @CC hybrid CE exhibited a high PCE of 8.71%, comparable to the commercial Pt-based DSSC (PCE = 8.75%). Wang et al. investigated a composite CE of rosin carbon/Fe 3 O 4 with stunning morphology and used it as CE in DSSCs. The DSSC assembled with the composite showed a high PCE of 8.11%, which was superior to pure rosin carbon CE (7.0%) and pure Fe 3 O 4 CE (6.61%) and was comparable to the traditional sputtered Pt CE (8.37%). 563 As shown in Fig. 30 564 The Fe 3 O 4 @RGO-NMCC CE exhibited improved catalytic activity. The DSSCs on rigid and flexible substrates with Fe 3 O 4 @RGO-NMCC CEs achieved high PCEs of up to 9% and 8%, respectively. The superior performance of Fe 3 O 4 @RGO-NMCC is ascribed to faster electron hopping between Fe 2+ and Fe 3+ and free electron transport by broad RGO sheets.
Carbon/polymer hybrids
Graphene, RGO, CNTs, CB, PEDOT-PSS, PPy and PANI are usually used as components of the carbon/polymer hybrids. In 2008, Hong et al. deposited a graphene/PEDOT:PSS composite film on an ITO substrate by spin coating at room temperature. 565 The composite film with a 60 nm thickness and 1 wt% graphene exhibited high transmittance (480%) and high electrocatalytic activity. With the composite film as CE, the DSSCs achieved a PCE of 4.5%. The Wu group electrodeposited a PEDOT:PSS/ graphene composite film on FTO by the one-step electrochemical polymerization method and used it as CE in DSSCs. 566 The graphene/PEDOT:PSS CE has low charge-transfer resistance and high catalytic activity. The DSSC with the PEDOT:PSS/graphene CE showed a PCE of 7.86%, which was higher than that of the DSSC with Pt CE (7.31%).
Gong et al. incorporated graphene oxide (GO) into PPy and then GO/PPy was reduced to RGO/PPy. 567 Owing to the incorporation of RGO sheets as conductive channels in the RGO/PPy hybrid, the resultant hybrid electrode exhibited an excellent catalytic activity for triiodide reduction, gel-coating method. 570 The fresh DSSC with the RGO/SWCNT CE produced a V OC of 0.86 V and a PCE of 8.37%, which are higher than those of Pt-based DSSCs (0.77 V, 7.79%). The V OC of DSSCs with RGO/SWCNTs further increased up to 0.90 V after aging for one week. The enhanced V OC and PCE can be attributed to the synergetic effects of RGO with a high surface area and SWCNTs with high conductivity. Mesoscopic carbon nanoparticles are interconnected via CNTs to form medusa-like CNTs/MC hybrids. 571 The high surface area MC produced more catalytic sites and the CNTs as electrical bridges generated fast electrical transfer networks. DSSCs with CNTs/MC hybrid CE achieved a PCE of 8.4% and remarkable chemical stability that rivals DSSCs with Pt CE (8.3%). Joshi et al. prepared nickel-embedded CNT-coated electrospun carbon nanofiber (Ni-CNT/CNF) hybrids by combining electrospinning and a CVD technique. 572 The DSSC based on the Ni-CNT/CNF hybrid CEs yielded a PCE of 7.96%, comparable to DSSCs with Pt CE (8.32%). Arbab et al. synthesized a hybrid based on multiwalled carbon nanotubes and activated charcoal (AC/MWCNTs) by an enzymatic dispersion method. 573 The hybrid possessed the synchronized structures of highly conductive MWCNT and porous AC, which led to high electrocatalytic activity and a low R CT of 0.60 O cm 2 . The resultant DSSC achieved an impressive efficiency of 10.05% with a high fill factor (83%), outperforming the device with Pt CE.
Polymer/TMC hybrids
In 2007, Muto et al. coated a viscous mixture of TiO 2 nanoparticles and PEDOT:PSS on a plastic substrate. 574 The composite TiO 2 /PEDOT:PSS showed high catalytic activity and was used as CE in a full-plastic DSSC, yielding a PCE of 4.38%. By simple mechanical mixing of TiN and PEDOT:PSS under ultrasonication, TiN nanoparticles (TiN(P)), TiN nanorods (TiN(R)) and TiN mesoporous spheres (TiN(S)) were incorporated into PEDOT:PSS. 575 TiN(P) were well-dispersed in the PEDOT:PSS matrix, the size of TiN(R) was B20 nm, and the TiN(S) with a spherical diameter of 170 nm and a TiN nanoparticle size of about 15 nm were linked by PEDOT:PSS. Owing to higher uniformity compared to TiN(R)/PEDOT:PSS and TiN(S)/ PEDOT:PSS, TiN(P)/PEDOT-PSS provided more catalytic sites for triiodide reduction. The DSSC with TiN(P)/PEDOT:PSS CE produced a PCE of 7.06%, which was higher than those of Pt (6.57%), TiN(R)/PEDOT:PSS (6.89%) and TiN(S)/PEDOT:PSS (6.19%) CEs. Furthermore, these TiN/PEDOT:PSS based devices showed much higher PCEs than pristine PEDOT:PSS, TiN(P), TiN(R) and TiN(S) based devices.
Yue et al. prepared a PPy/PEDOD:PSS hybrid film and used it as CE in DSSCs. 576 Due to its high surface area and rough surface, the hybrid film showed a high catalytic activity, yielding a PCE of 7.60%, comparable to the DSSCs with a sputtered Pt CE (7.73%). Ahmad et al. also obtained a similar result. 407, 414 Tsai et al. doped an organic acid, 1S-(+)-camphorsulfonic acid, with the conductive polymer poly(o-methoxyaniline) to form a hybrid (CSA/POMA) and used it as CE in DSSCs. 577 The optimal CSA/POMA (16 wt% CSA) electrodes exhibited increased surface roughness, increased crystallinity and decreased impedance.
The DSSC based on the CSA/POMA CE exhibited an efficiency of 8.76%, which was higher than that of DSSCs with Pt CE.
Photovoltaic parameters of some DSSCs based on hybrid CEs are listed in Table 5 . The performance of most of the hybrid-based DSSCs outperforms that of the devices with their corresponding components. The superior performance of hybrid CEs can be simply attributed to the synergetic effects of the different components in the hybrids. However, the exact reason for the superior electrochemical property of the hybrids in DSSCs is not fully elaborated, and the role of each part of the hybrid needs to be clarified, and quantitative mechanism analysis is still far away. In any case, the hybrids open up new routes for the development of high-performance and low-cost DSSCs.
Summary and outlook
Dye-sensitized solar cells, efficient in converting solar energy into electric energy with low cost, easy preparation, high efficiency and environment benignity, are becoming one of the typical representatives of the third generation solar cells. With a focus on the PV technology's golden triangle issues, namely, efficiency, cost and stability, and on the basis of DSSCs' three key components, namely, photoanodes, electrolytes and counter electrodes, the scientists have devoted a great deal of endeavor and important progress has been achieved since 1991. The counter electrode is a key component and has a significant influence on both the photovoltaic performance and the device cost of DSSCs. As a counter electrode, it must possess high conductivity and good catalytic activity for electrolyte regeneration, as well as good stability. The platinum metal well satisfies all the requirements for CEs and has been the most frequently used CE material. However, the high cost and lack of stability limit its application widely. Amongst the Pt-free CEs, carbonaceous materials are the widest researched CE materials. The highest PCE (14.3%) of DSSCs is based on the FTO/Au/GNP (graphene nanoplatelet). The low cost, simple preparation and good stability render carbon materials stronger competitors. The main drawback of the carbon-based CE is its relatively low conductivity and catalytic activity compared to the Pt electrode, as well as the large dosage required to attain the targeted catalytic activity, and its poor adhesion to substrates. Conductive polymers are flexible, transparent, easily processed, and easily property tuned. Among conductive polymers, PEDOT exhibits the best performance, but its cost is high. The PPy-based CE is cheaper but the performance is inferior to that of PEDOT. The PANI-based CE has more attractive prospects thanks to its low cost and comparably better performance. The study of the TMC CE has begun later than other Pt-free CEs and it has become a hot research area in recent years owing to its material diversity, Pt-like catalytic activity, and easy preparation and modification. However, the performance of the TMC-based DSSC is relatively lower than that of the devices with other Pt-free CE materials, which might be explained by its poor conductivity for TMCs and electron transportation at interface of TMCs and substrates. Most hybrid-based DSSCs outperform the devices based on their corresponding components, which is attributed to the synergetic effects. The exact reason for the superior performance of the hybrids is not fully elaborated.
It is believed that a power conversion efficiency as high as 15% for monolithic DSSCs could be achieved in near future. As a crucial component of the DSSCs, the counter electrode plays an important role in realizing this important target. We have tried to give an objective evaluation of counter electrode materials. Future development should focus on designing new ideas, using new methods and developing new materials; should aim at main requirements: conductivity, catalytic activity, stability, efficiency, cost and cleanness; should be concerned with the regulation mechanism for photoinduced charge carrier generation, evolution and transportation; should investigate into the interaction rules among photoanodes, electrolytes, and counter electrodes, including each component in counter electrodes.
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